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 Neurogranin/RC3 is a neuron-specific, Ca2+-sensitive calmodulin binding protein 
and a specific protein kinase C substrate. Neurogranin may function to regulate 
calmodulin levels at specific sites in neurons through phosphorylation at serine residue 
within its IQ motif, oxidation outside the IQ motif, or changes in local cellular Ca2+ 
concentration. To gain insight into the functional role of neurogranin in the regulation of 
calmodulin concentration, structure and dynamics of a full-length rat neurogranin protein 
with 78 amino acids were investigated using triple resonance NMR techniques. In the 
absence of calmodulin or PKC, neurogranin exists in an unfolded form as evidenced by 
high backbone mobility and the absence of long-range nuclear Overhauser effect (NOE). 
Analyses of the chemical shift 13Cα, 13Cβ and 1Hα reveal the presence of a local α-helical 
structure for the region between residues G25-A42. Three-bond 1HN-1Hα coupling 
constants support the finding that the sequence between residues G25 and A42 populates 
a non-native helical structure in the unfolded neurogranin. Homonulcear NOE results are 
consistent with the conclusion drawn from chemical shifts and coupling constants. 15N 
relaxation data indicates motional restrictions on a nanosecond time scale in the region 
from D15 to K48. Spectral densities and order parameters data further confirm that the 
unfolded neurogranin exists in a conformation with residual secondary structures. The 
medium mobility of the nascent helical region may help to reduce the entropy loss when 
neurogranin binds to its targets, but the complex between neurogranin and calmodulin is 
not stable enough for structural determination by NMR. Calmodulin titration of 
neurogranin indicates that residues D15-G52 of neurogranin undergo significant 
structural changes upon binding to calmodulin. 
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   Besides characterization of neurogranin, HSQC-TOCSY and HSQC-NOESY 
spectra of a helical rich protein, calmodulin, were analyzed intending to provide 
information for developing automated assignment method. Sequential assignment was 
mainly relying on NOESY spectrum. Strong NHiNHi+1 NOEs provide unambiguous 
sequential connections among many residues. However, complete sequential assignment 
can not be obtained for two reasons. Firstly, TOCSY spectrum is not helpful in 
identifying amino acid type, for J coupling magnetization transfer becomes inefficient for 
a protein the size of calmodulin; Secondly, Spectrum overlap caused by narrow 
distribution of NH and Hα protons, which is typical for a helical protein, brings 
ambiguities in assignment. Based on the analysis, several suggestions were made for 
developing automated assignment method. As for protein expression and purification, 
unlabeled and 15N uniform labeled recombinant calmodulin were prepared for NMR 
experiments. In addition, mouse PRL-1,2,3 proteins were also expressed and purified in 
order to gain NMR samples for structural determination. However, in our study, the 
problem of precipitation of mouse PRL-1,2,3 proteins under high concentration still 
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Chapter 1.   Introduction 
1.1     Overview of NMR 
NMR is now standing side by side with X-ray crystallography as a powerful 
technique in determining three dimentional structures of biological macromolecules like 
proteins at atomic resolution. NMR is the only method available to solve protein structure 
in solution (near physiological condition). In addition, NMR plays a very important role 
in studying protein dynamics and protein folding. Those studies pertinent to protein 
dynamics and folding may provide insight to protein functions such as thermodynamic 
stability, enzyme mechanism as well as target recognition (Palmer, 1997. Kay, 1998. 
Cavanagh et al, 2001). 
Nowadays, with routine NMR techniques, NMR spectroscopy can be applied to 
determine structures of proteins with small or medium size. This achievement is largely 
due to the advances in various areas. Firstly, the development of high-field 
superconducting magnets and improvement in radiofrequency electronic and NMR probe 
design make great contribution to obtain high spectrum resolution and allow 
sophisticated pulse sequences to be applied. Secondly, advanced computers and 
workstations are capable of controlling experiments and processing data in a reasonable 
time. Thirdly, Genetic engineering techniques play important roles, for example, 
recombinant 15N, 13C and 2H labeled protein or selective labeled protein can be produced 
and used in tailored NMR experiments to get desired structural information.  Furthermore, 
multidimentional NMR spectroscopic techniques are in continuous development in which 
properties of both isotope labeled nuclei and nuclei in their natural abundance are 
exploited and a wealth of structural information thus can be derived from NMR spectrum. 
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Finally, with the improvement of our understanding of the structural basis of fundamental 
NMR parameters, new NMR experiments are to be designed and more accurate structural 
information can be obtained (Reid, 1997). Since first low resolution three-dimentional 
protein structures were determined in solution (Kaptein et al. 1985), numerous protein 
structures have been solved by NMR and important protein functions have been revealed 
by protein dynamic studies. Both instrumental and methodological methods of NMR are 
in continually evolving process and NMR will become even more powerful in protein 
structural and functional studies.  
1.1.1   NMR parameters and their applications  
Nuclear magnetic resonance (NMR), as its name reveals, is a technique associated 
with nuclear magnetic moment. The nuclear magnetic moment is directly proportional to 
nuclear spin (I), a fundamental property of nucleus. The proportional constant γ, called 
magnetogyric ratio, is a constant for each particular type of nucleus. Nuclei with I=0 (like 
12C, 16O), will have no magnetic moment and thus no NMR properties. Nuclei with I=1/2 
(like 1H, 15N, 13C) give simple and interpretable NMR signals, so they are widely utilized 
by NMR. Nuclei with I≥1 (like 2H, 14N), possess electric quadupole moment in addition 
to their magnetic moment. The electric quadrupole moment interacts with electric field 
and produces a very efficient mechanism for nuclear spin relaxation which results in 
NMR signal broadening and in extreme cases no signal or effect on other nuclei can be 
observed (Abraham et al, 1988). Among the three widely utilized nuclei, 1H has the 
largest magnetogyric ratio γ (γ1H / γ13C is about 4 and γ1H / γ15N is about -10), which is an 
intrinsic property determining that 1H has the highest NMR sensitivity (Roberts, 2000). 
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To understand how NMR experiments are applied in structural analysis, several 
fundamental NMR parameters need to be introduced. 
1.1.1.1   Chemical Shift  
Chemical shift is caused by electric de-shielding effect, that is, electrons around 
nuclei creating a small magnetic field which shields nuclei from the external field. The 
result is that nuclei with different chemical environment will have different resonance 
frequencies and appear in the spectrum at different positions. As in NMR spectrum, each 
nucleus gives rise to a resonance which is characterized by chemical shift reflecting its 
unique chemical environment, chemical shift becomes an important parameter for 
identifying individual nucleus and assigning the resonances in the spectrum to its site in 
chemical structure. Thus, characteristic chemical shifts in an amino acid residue can be 
helpful in identifying individual residue in a protein sequence. Chemical shift combined 
with other NMR parameters which will be introduced later on forms the basis for NMR 
assignments, a process to identify nuclei and their correlations. Moreover, chemical shift 
provides useful information in identifying protein secondary structure. As in a protein 
structure, those individual residues packed into certain chemical environments like α-
helix or β-sheet show chemical shift deviations from random coil values. It has been 
found that chemical shifts of Hα, Cα, Cβ and C' (carbonyl carbon) are useful secondary 
structural indicators and well-defined correlations have been established between 
secondary structure and deviations of observed chemical shifts from random coil values 




1.1.1.2     J coupling 
 J coupling is also referred to as spin-spin coupling or scalar coupling which is a 
through bond interaction transferring magnetization between nuclei. Normally, couplings 
over one bond (like 1JNH), two bonds (geminal coupling) and three bonds (vicinal 
coupling, like 3JNHHα) are observed.  There are two types of J couplings: homonuclear and 
heteronuclear coupling. In homonuclear coupling, the coupled nuclei have the same 
magnetogyric ratio γ, but different chemical shift, such as proton-proton coupling. In 
heteronuclear coupling, the coupled nuclei have different magnetogyric ratio γ, such as 
coupling between nuclei 1H-15N, 1H-13C, or 15N-13C.  
In combination with chemical shift, through bond J coupling can produce 
characteristic patterns of couplings in many types of the amino acids, which are helpful to 
identify amino acid types. For example in HSQC-TOCSY experiment, total correlation 
within a specific amino acid could be unique for identifying its amino acid type.   
Vicinal couplings, 3JNHα and 3JHαHβ , which are related to the torsion angles Φ and 
χ1 via empirical Karplus relationships, provide important information of structural 
restraints for protein structure determination. Similar to chemical shift deviation of 
residues in structured region from those in random coil, deviation of 3JNHHα values from 
random coil values provide valuable secondary structural information. As in folded 
proteins, β-Structures are characterized by large coupling constant values in the range 
8~10 Hz, while α-helical structures are characterized by values in the range 3~5 Hz. In 
unfolded proteins, however, the coupling constants are about 6~7.5Hz due to the fact that 
conformational fluctuation averages the coupling constants (Dyson et al, 2001).  
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Many NMR experiments use J coupling to transfer magnetization and then from 
the spectrum certain correlations among nuclei can be established.  In these experiments, 
line-width is one of the key points because when line-width becomes comparable to the 
coupling constants or even larger than coupling constants, the magnetization transfer 
become ineffective and experiments fail to reveal interpretable information. As in the 
case of large proteins, 3JHH couplings are frequently smaller than the line-width, making 
experiments based on homonuclear correlations (like COSY experiment) inefficient. The 
line broadening associated with increased molecular weight sets the limit for validity of 
multidimentional NMR experiments. To alleviate this problem, heteronuclear one-bond 
couplings, 1JCH, and 1JNH, 1JNC,which are much larger than homonuclear 3JHH  are widely 
employed in multidimentional NMR experiments to gain efficient magnetization transfer 
and by spreading the spectrum in additional dimension like 15N or 13C or both, good 
spectrum resolution can be achieved. In such cases, 15N or 13C isotopically enriched 
protein sample is required, that is when genetic engineering techniques take part in for 
producing required NMR sample. 
1.1.1.3 NOE 
 NOE is a dipolar cross-relaxation phenomenon between protons, which is a 
through space magnetization transfer. As a function of interproton distances and 
molecular motions, NOE is proportional to the inverse sixth power of the distance 
between protons at short mixing time when spin diffusion  (indirect cross-relaxation path-
ways through neighboring protons) and molecular motions exert relatively small effects, 
so the intensity of NOE falls off very rapidly with increasing distance between proton 
pairs and only NOEs between protons separated by a distance of less than approximately 
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5.0Å can normally be observed. NOEs carry rich structural information. Intra-residue and 
sequential NOEs which are composed of short and medium range NOEs, such as NH(i)-
NH(i+1,2), CαH(i)-NH(i+1,2,3,4), CβH(i)-NH(i+1) and CαH(i)-CβH(i+3) NOEs, not only provide 
information for establishing connections among amino acids, but also reveal protein 
secondary structure through the observed NOE patterns. More importantly, long-range 
NOE interactions, which can correlate protons far apart from protein sequence but close 
together in space, provide the principle source for protein tertiary structural determination 
in NMR (Wüthrich, 1986). Usually, NOE intensities are converted into estimate  
interproton distance restraints, for NOEs arising from protein molecules can’t be 
quantitatively interpreted due to spin diffusion and motional effects.  
1.1.1.4   NMR Relaxation parameters 
 It has long been recognized that nuclear spin relaxation rates are closely related 
to molecular motion. On the ns-ps timescale, molecular rotation and molecular vibration 
are the typical motions. On ms-µs timescale, however, chemical exchange is the 
dominant motion. NMR is amenable to study protein dynamic in a wide range of time-
scales.  
T1, T2, T1ρ and steady state heteronuclear NOE are the most commonly used 
NMR relaxation parameters which contain information on both the global and internal 
motions of protein. For isolated spin system like backbone amide 15N-1H group, 15N spin 
relaxation is mainly due to dipolar interactions with the amide proton and to chemical 
shift anisotropy interactions (CSA) (Allerhand et., al 1971). While measuring the 
relaxation parameters of 15N spin relaxation, the cross-correlation between dipolar and 
CSA interactions can be eliminated by experimental methods. Then from measured 
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relaxation parameters, spectral density functions can be derived through equations (Kay 
et al., 1989). 15N-NMR relaxation studies reveal amide 15N-1H motional properties in the 
ps-ns time-scale, which then reflect the dynamic situation of protein backbone (Szyperski 
et al., 1993).  
To analyze measured relaxation parameters and extract dynamic information, 
model-free formalism and reduced spectrum density map are the widely used methods 
which are able to characterize dynamic properties in a residue-specific manner. Order 
parameter S2 derived from model-free formalism reflects the rigidity of the specific 
vector on ps-ns time scales. The value of S2 ranges from 0 to 1, a value of one represent 
complete rigidity while a value of zero corresponds to no restriction. Model-free 
formalism is often used to describe globular proteins which adopt isotropic motion, while 
method of reduced spectrum density map can be applied to describe dynamic motion of 
disordered system in which spectral density functions J(0), J(ωN) and J(ω0.87H) are 
derived from relaxation parameters.  
  To gain complete dynamic information of protein, 13C-NMR relaxation and 2H-
NMR relaxation are also exploited to probe both backbone and side-chain dynamics in 
which relaxation mechanism could be much more complex than isolated 15N-1H spin 
system. Various new experiments of NMR are designed and special isotopical labeling 
techniques are used accordingly. Since many important biological activities, such as 
enzyme catalysis, product release and allosteric transition, are related with µs-ms motions, 
lots of research work have been focused on this area (Roder et al, 1999. Akke et al, 1993). 
In general, protein is an inherently dynamic system. A deep insight into the function of 
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protein will only be obtained through a combined study of both its structural and 
motional properties. 
1.1.2    Heteronuclear 3D experiments  
 
Heteronuclear NMR experiments are widely utilized in structural analysis. There 
are mainly three steps that can be roughly divided in structural analysis strategy: 
resonance assignment, identification of secondary structure elements, and calculation of 
three-dimentional structure. Through routine heteronuclear NMR experiments, enough 
structure restraints of a medium sized protein up to 25kD can be obtained and high 
resolution 3D protein structure can then be solved. 
It is characteristic that in 3D heteronuclear NMR experiments, at least one step of 
magnetization transfer is via large heteronulcear J-coupling and spectra are spreading out 
in a third dimension (usually 15N or 13C). 3D NOESY-HSQC and TOCSY-HSQC are 
among the most common 3D heteronuclear NMR experiments, in which NOESY or 
TOCSY experiment and the HSQC experiment are combined. Spectrum is extended into 
a third axis of 15N, while the other two axes represent 1H corresponding to 2D TOCSY or 
NOESY experiment. In this way, spectrum overlap is largely reduced. However, for a 
protein the size of CaM (16.7kD) for instance, HCCH-TOCSY experiment is usually 
used instead of TOCSY-HSQC in order to increase sensitivity and gain complete proton 
spin resonances by integrating 13C heteronuclear magnetization transfer. In this case, 15N, 
13C double labeled sample is needed.  
Resonance assignment is the first step in spectrum analysis. It is a process to 
identify the chemical shift of each 1H, 13C, 15N nuclei. The ultimate purpose of 
identifying each nucleus is to assign pair-wise through-space NOE interaction and obtain 
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distance constraints, as well as backbone and side-chain torsion angle constraints, which 
are the main sources of information for NMR structure calculation.  
A variety of triple-resonance experiments have been used to make sequential 
assignments of proteins. This type of 3D experiment usually has a name related with the 
specific coherence transfer pathway employed. For example, coherence transfer pathways 
employed in CBCA(CO)NH and HNCACB experiments are shown in figure1. 
CBCA(CO)NH experiment correlates N, H nuclei of residue i with Cα and Cβ nuclei of its 
preceding residue i-1, while HNCACB experiment correlate N, H nuclei with Cα and Cβ 
nuclei of both itself and its preceding residue. Combining these two experiments, 
connections among residues (except proline which has no amide proton) can be made. In 
addition, characteristics of Cα and Cβ chemical shifts allow certain amino acid types to be 
identified. Finally, when there is only one match between specific sequential combination 
of amino acids obtained from spectrum and primary sequence of protein, sequential 
assignment is achieved. With similar strategy, HNCO and HN(CA)CO experiments serve 
the same purpose except that they utilize carbonyl carbon chemical shift dispersion rather 
than Cα and Cβ chemical shift dispersion to do assignment. In practice, these two sets of 
experiments can be used complementally to solve ambiguities caused by chemical shift 
degeneracy. With sequential assignment in hand, other experiment like HCCH-TOCSY, 
can proceed to gain more complete proton assignment. Furthermore, Stereospecific 
assignments can distinguish methyl groups of valine and leucine which will eventually 
improve the quality of the final structure significantly. Protein sample for stereospecific 
assignments is produced by biosynthetically directed fractional 13C-labelling (Driscoll  




















                         1HNi – 15Ni – 13Cαi-1/ 13Cβi-1                                                                 1HNi – 15Ni – 13Cαi/ 13Cβi                  
                                                                                                                                                         
1HNi – 15 CαN  – 13i i-1/ 13Cβi-1                                                                                                                                                                                                                                            
igure 1-1.  Schematic show of coherence transfer pathways employed and the correlations made in 
                 CBCA(CO)NH and HNCACB experiments. 
                  (Referring to http://www.cryst.bbk.ac.uk ) 
.3    Protein structure determination  
With resonance assignment as complete as possible, NOESY spectrum is 
bjected to be assigned. No mater it is 15N-NOESY-HSQC or 13C-NOESY-HSQC, each 
ss peak in NOESY spectrum reflects that two protons which now already have 
ntities are separated by a distance of less than approximately 5.0Å. The intensities of 
E peaks can be converted to approximate distances. Unlike sequential NOEs which 
eal a pattern for secondary structure, long range NOEs are essential for protein tertiary 
ucture determination. These inter-proton distance constraints derived from the NOE 
asurements as well as backbone and side-chain torsion angle constraints derived from 
ee-bond coupling constants serve as inputs for structure calculation (Clore et al., 1998).  
Distance Geometry (DG) and Simulated Annealing (SA) are the two commonly 
ed computer programs employed for calculating a protein structure. After structure 
lculation, an ensemble of conformers, in which each conformer complies with the 
ucture constraints, is obtained. The most common criterion for structure quality is the 
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RMSD of a family of structures. However, RMSD by itself is inadequate for evaluating 
quality of NMR structures, the number and size of residual constraint violations must also 
be taken into account and a low potential energy for the resulting structure is also 
important (Brünger et al, 1993. Clore et al, 1998). 
 For proteins larger than 25 kD, techniques like 2H labeling, take part in to 
alleviate the problem of line-width broadening (Kay et al, 1997). It is certain that 
advances in NMR related technologies are continuing pushing the upper limit of protein 
molecular weight. NMR has evolved as a powerful tool in structural biology and in many 
other areas.  
1.2      Structure and function of Calmodulin 
Calmodulin (CaM) is a ubiquitous protein expressed in all eukaryotic cells. It is 
composed of 148 amino acids (Mr 16.7 kDa). The amino acid sequence of CaM is highly 
conserved. Mammalian CaM is different with Drosophila CaM only in three amino acids 
(Phe99→Tyr, Thr143→Gln, and Ser147→Ala). It is known that both Ca2+-CaM and apo-
CaM (calcium free) are able to bind with a variety of target proteins and exert important 
regulatory functions.  
CaM involves in a wide range of cellular Ca2+ dependent signaling pathways and 
acts in a calcium-dependent manner to activate a variety of target proteins, including 
protein kinases, ion channels and pumps, nitric-oxide synthases, adenylyl cyclases and so 
on (Heoflich et al, 2002). Though these target proteins share little sequence similarity, 
their CaM binding domains have a tendency to form amphipathic α-helical structure 
(Ikura et al, 1992. Crivici et al, 1995, Chin et al, 2000).  
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On the other hand, apo-CaM binds to a variety of target proteins like 
unconventional myosins and NG in a Ca2+-independent manner (Wolenski et al, 1995. 
Chapman et al, 1991). Those target proteins usually possess a conserved CaM binding 
motif called “IQ” motif, IQXXXRGXXXR (X represents un-conserved amino acid) 
(Cheney et al, 1992. Bahler et al, 2002). Some of these IQ motif binding proteins 
including NG are known to bind CaM in low Ca2+ concentration and release it in respond 
to Ca2+ surge, regulating CaM concentration in specific tissue area. CaM plays important 
roles in regulating activities of these proteins vice versa (Chakravarthy et al, 1999). 
The secondary structures of Ca2+-CaM and apo-CaM are essentially the same. 
There are two structurally similar domains connected by a flexible central helix which is 
interrupted by unstructured residues (residues 77-80) around its midpoint (Barbato et al, 
1992). Each domain contains pair-wise EF-hand (helix-loop-helix) Ca2+ binding motifs 
(residues 20-31, 56-67, 93-104, 129-140) connected by a short parallel β-stand 
(Ile27,Thr28 and Ile63,Asp64 form a β-stand in N-domain; Ile100, Ser101 and Val136, 
Asn137 form the β-stand in C-domain) (Chottopadhyaya et al 1992. Finn et al, 1993. 
Kuboniwa et al, 1995). 
However, the two domains of Ca2+-CaM and apo-CaM adopt different 
conformation. In the absence of Ca2+, the N-terminal domain of apo-CaM adopts a 
“closed” conformation in which the helices in both E–F hands are packed together and 
form a helical bundle, while the C-terminal domain of apo-CaM adopts a ‘semiopen’ 
conformation in which a partially exposed hydrophobic patch is accessible to solvent. 
(Finn et al, 1995. Zhang et al, 1995.) Upon binding with Ca2+, CaM undergoes significant 
conformational change, leading to substantial alterations in the inter-helical angles within 
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the E–F hands in each domain. These structural rearrangements in Ca2+-CaM produce 
more ‘open’ conformation and result in the concerted exposure of hydrophobic groups in 
a methionine-rich crevice of each domain.  
These conformational differences provide the structural basis for different binding 
behaviors of Ca2+-CaM and apo-CaM. As revealed by NMR study, there are chemical 
shift changes in methyl groups of methionines among the different functional states of 
CaM (i.e., apo-CaM, Ca2+-CaM and a complex of Ca2+-CaM with a peptide), indicating 
the existence of different microenvironments, and T1 relaxation data shows that 
methionine methyl groups in Ca2+-CaM has the highest mobility. These evidences 
support the idea that exposed methionine crevice provides the area for hydrophobic 
interaction with target proteins without requiring sequential specificity. In addition, the 
flexible central helix plays important role for Ca2+-CaM target binding in that it allows 
the two domains bend toward each other and wrap around the amphipothatic helical 
peptide chain of target protein (Chou et al, 2001. Akke et al, 2001). On the other hand, 
studies have shown that apo-CaM may bind to target via only one domain, probably its 
C-terminal domain. Without two domains bending toward each other, apo-CaM complex 
structure may still remain an extended form (Moore et al 1999. Tessa et al, 2000. Izumi et 
al, 2001. Rodney et al, 2001. Censarek et al 2002.).  There are an increasing number of 
proteins that are found to interact with apo-CaM. So far, most of the research work has 
been focused on Ca2+-CaM and its binding partners, the roles of apo-CaM could be 




1.3      Studies about Neurogranin 
Neurogranin/RC3 (NG) is a neural-specific protein which contains 78 amino acids 
(Mr. 7.5 kDa). It accumulates postsynaptically in dendritic spines of neurons 
(Neuner_Jehle et al, 1996). This protein acts as a messenger substrate of protein kinase C 
(PKC) that mediates molecular cascades during synaptic development and remodeling 
(Ramakers et al, 1999. Baudier et al, 1991).  
NG is a member of the calpacitin protein family which includes other proteins 
such as neuromodulin (GAP-43), peptide protein 19 (PEP-19), Igloo and sperm protein 
17 (SP17). Similar to other proteins of this family, NG binds calmodulin (CaM) in low 
Ca2+ environment and release CaM under high Ca2+ conditions (Huang et al, 1993), 
acting like a CaM capacitor (Gerendasy et al, 1997). NG and other Ca2+-independent 
CaM-binding proteins in the family bind with apo-CaM through a highly conserved “IQ” 
motif. The “IQ” motif is considered to be the main structural and functional region in NG. 
Structural studies in conventional myosins have demonstrated that the IQ motif adopts an 
α-helical conformation that is stabilized by the CaM-related proteins (Xie et al, 1994. 
Houdusse et al, 1996a). On the other hand, NG and GAP-43 are unfolded in vitro as 
found from CD spectroscopy studies. Upon binding to CaM in the absence of Ca2+, an  
α-helix may be induced within the CaM binding domain (IQ motif) and the helix may 
propagate to some residues in the N-terminal side of the IQ domain in both NG and GAP-
43. The stabilized helix may span from G25 to K47 in rat NG as found from the study of 
a number of overlapping peptides (Gerendasy et al, 1995), where the sequence 
I33QASFRGHMAR43 corresponds to the IQ motif.  
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The serine residue (Ser-36 for Rat NG) in the IQ motif can be phosphorylated by 
PKC (Baüdier et al, 1991. Watson et al, 1994). The phosphorylation within the IQ 
domain lowers the binding affinity of NG for CaM (Chapman et al, 1991, Huang et al, 
1993); conversely, CaM binding attenuates PKC phosphorylation at the serine site within 
the IQ domain (Huang et al, 1993. Gerendasy, 1995). NG and GAP-43 have been 
assumed to regulate postsynaptic and presynaptic CaM levels, respectively, via PKC 
phosphorylation or changes in local cellular Ca2+ concentration. PKC is an extrinsic 
membrane protein and phosphorylation of the PKC substrate is very likely to take place 
on the membrane surface (Houbre et al, 1991. Paudel et al, 1993). Before approaching 
PKC on the surface of the membrane the segment surrounding the phosphorylation site is 
considered to interact with the membrane in vivo. The study of a peptide corresponding 
to residues 28-43 of bovine NG (or A30-K45 of rat NG) using NMR, EPR, and CD 
spectroscopy indicated that an α-helix within the peptide is induced by association with 
SDS micelles and with vesicles containing phosphatidyl serine (Chang et al, 1997). 
Phosphorylation of NG is associated with long-term potentiation (LTP) and long-term 
depression (LTD). Therefore, it has also been proposed that NG and GAP-43 may play 
important roles in long-term potentiation (LTP) and neuroplasticity by releasing CaM 
through serine phosphorylation within the IQ motif (Krucker et al, 2002). 
Outside the IQ domain, NG contains four cysteine residues, which can be 
oxidized by nitric oxide and other oxidants to form intra-molecular disulfide linkage(s) 
(Sheu et al, 1996. Mahoney et al, 1996. Li et al, 1999). On the other hand, NG and GAP-
43 have been shown to regulate CaM-dependent nitric oxidate synthase activity through 
sequestration of CaM (Slemmon et al, 1994. Martzen et al, 1995). CD studies show that 
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forming disulfide bond in NG by oxidation does not affect the α-helical content of this 
protein in either water or TFE solution. However, oxidation of NG attenuates its binding 
affinity with CaM, indicating an alternative potential mechanism other than 
phosphorylation for the regulation of intracellular levels of CaM (Huang et al, 2000). 
Except for CaM and PKC, the reduced NG is also a substrate for phosphorylase kinase 
and may bind to membrane phospholipids (Paudel et al, 1993. Lu et al, 1997). 
CaM can differentiate the unfolded NG from its modified forms and from other 
non-CaM binding proteins. Although there is no structural information to interpret the 
recognition mechanism, an important factor should be the apparent change in 
conformational entropy in most residues involved in the binding site (Cho et al, 1996. 
Sem et al, 1997). For such a system where folding and binding are coupled, the 
preference for an interaction can be increased without increase in binding affinity, that 
means a compensational loss in conformational entropy (Schulz, et al, 1979. Spolar et al, 
1994). The weak or medium binding affinity of NG would be favorable for the regulation 
of CaM-dependent activities through sequestration and release of CaM.  
1.4     Overview of proteins of regenerating liver (PRLs) 
The activities of kinases and phosphatases regulate diverse fundamental cellular 
processes. Protein phosphorylation at residues of Ser/Thr or Tyr is mediated by various 
types of protein kinases, whereas removal of the phosphate group from the protein is as 
important as phosphorylation and is mediated by protein phosphatases (PTPases) 
(Fauman et al, 1996; Anderson et al, 2001). The PRL family of proteins represents a 
novel class of PTPases containing a conserved PTPase active site with signature motif 
sequence of [(I/V)HCXAGXXR] and ending with a consensus C-terminal CAAX motif 
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sequence (where C is cysteine, A denotes alanine, and X is any amino acid). The CAAX 
motif indicates the potential prenylation of PRL proteins. Indeed, human PRL1, 2 
proteins have been found prenylated in vivo. Since prenylated proteins are known to 
cycle between membrane-associated and soluble pools, it is speculated that a fraction of 
PRL proteins may be anchored to the membrane via C-terminal prenyl groups (Matter et 
al, 2001). 
 Research has identified that PRL-3 is highly overexpressed in liver metastases of 
colorectal cancer but not in nonmetastastatic tumors and in normal colorectal epithelium 
(Saha et al, 2001), making PRL-3 a potential target for medical diagnosis and new drug 
development.  
Three homologous PRL proteins: PRL-1, 2, 3 were found existing in mouse. 
Mouse PRL-2 and PRL-3 exhibit 87% and 76% identity to mouse PRL-1 in their amino 
acid sequences respectively (Zeng et al, 1998). Mouse PRL proteins share high sequence 
similarity with human PRL proteins. Mouse PRL-3 is different with human PRL-3 in 7 
amino acids (Arg15-Lys, Ser26-Thr, Leu88-Val, Tyr93-Cys, Asn94-Glu, Asp95-Ala, 
Leu101-Ala) and mouse PRL-2 is actually identical to human PRL-2. In order to explore 
structural and functional properties of PRL proteins, mPRL1, 2, 3 proteins were 
expressed and purified intending to get pure protein for NMR experiments. 
1.5      Objectives 
It has been reported that CaM was the only neurogranin-interacting protein 
isolated from the rat and mouse brain two-hybrid screens (Prichard et al, 1999) 
Interestingly, CaM was also the only protein identified to interact with GAP-43 (Chao et 
al, 1996). NG and GAP-43 have been assumed to regulate postsynaptic and presynaptic 
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CaM levels respectively via IQ motif. To understand more about the role of NG and other 
members of the calpacitin family of proteins in neurobiology, the residual structure and 
dynamics of the reduced NG protein from rat were characterized by NMR techniques. It 
is the first time to study full-length NG structure on atomic resolution. The order 
parameters obtained from NMR relaxation will allowed us to estimate the conformational 
entropy loss of the binding process. Measurement of 15N relaxation parameters permits 
the dynamics of the protein to be examined on per-residue basis. CaM titration 
experiment was performed to study interaction of NG with CaM.  
HSQC-TOCSY and HSQC-NOESY Spectrum analysis of CaM will be discussed, 
in which CaM serves as a model. The purpose of spectrum analysis is to provide 
information for developing automated assignment method. Protein expression and 













Chapter 2     Structural and dynamic characterization of neurogranin 
2.1    NMR Experiments  
 
2.1.1 Sample preparation for NMR experiment 
 
  All the spectral data for NG assignment and dynamic study were acquired at a 
protein concentration of 0.7 mM, pH 6.5, 50 mM KH2PO4 buffer, 5 mM DTT, at 25 °C. 
1H-15N HSQC spectra of NG were recorded at 5°C, 15°C, 25°C, 35°C, 40°C respectively 
to obtain amide proton temperature coefficient. CaM titration was monitored by 1H-15N 
HSQC NMR at 25 °C. A total of 0.6 mg of CaM powder was taken each time and added 
directly to a protein solution containing 0.7 mM NG, 50 mM KH2PO4 buffer, 5 mM DTT, 
5 mM EGTA at pH 6.5. The total amount of CaM added was 15 mg, corresponding to a 
CaM/NG molar ratio of 2.5. 1H-15N HSQC spectra were also recorded with NG/CaM 
molar ratio of 10:1 and 5:1 respectively at 25°C to compare CaM titration effects. 
2.1.2   Recording NMR experiments  
NMR spectra were recorded at 500 MHz using a three-channel Bruker Avance 
spectrometer equipped with pulse field gradients. Backbone resonance assignments were 
obtained using a number of triple resonance experiments, including HNCACB (Wittekind 
et al, 1993), CBCA(CO)NH (Grzesiek et al, 1993), HN(CA)CO, and HNCO 
(Muhandiram et al, 1994). 3JHN,Hα coupling constants were measured using the HNHA 
pulse sequence (Kuboniwa et al, 1994). To obtain homonuclear NOEs, a 3D NOESY-
HSQC (Zhang et al, 1994) spectrum was recorded with a mixing time of 250 ms. An 
H(CCO)NH-TOCSY experiment was used to obtain proton chemical shifts (Montelione 
et al, 1992). In all of the experiments, the proton spectral width in the direct observation 
dimension was 7000 Hz with 512 complex points. The spectral width in the indirect 
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proton dimension was 5500 Hz for HNHA, NOESY-HSQC, and H(CCO)NH-TOCSY, 
with 64 complex points. A total of 16 complex points were recorded on the 15N 
dimension using a spectral width of 1014 Hz, while 32 complex points were acquired for 
NOESY-HSQC. Forty complex points were recorded in 13C dimension using spectral 
widths of 7000 Hz for CACB and 1250 Hz for CO, respectively. A relaxation delay of 1 s 
was used for all the experiments. The number of scans were 32 for NOESY-HSQC, 16 
for HNCACB, CBCA(CO)NH, HN(CA)CO, and HNHA, and 8 for HNCO. The data 
were apodized with a sine weighting function shifted by 63° in the direct proton 
dimension and 81° in the indirect 1H and 13C dimensions. The 15N time domain was 
doubled by linear prediction prior to the application of a cosine-squared window function. 
After zero filling and Fourier transformation the final data sets comprised of 1024, 256, 
and 128 points along the F3, F2, and F1 dimensions, respectively. Processing of the 
spectra was carried out using NMRPipe software (Delaglio et al, 1995). The spectra were 
analyzed using NMRView software.  
The 15N relaxation times T1 and T1ρ and 1H-15N NOEs were measured by inverse-
detected 2D NMR methods (Farrow et al, 1995. Akke et al, 1996). Relaxation times T1 
were determined by collecting seven points with delays of 10, 90, 200, 300, 400, 500, and 
600 ms using a recycle delay of 1 s and 8 scans. Relaxation times T1ρ were measured by 
collecting seven points with delays of 10, 30, 50, 80, 110, 140, and 170 ms using a spin-
lock power of 1 kHz, 2.5 s recycle delay and eight scans. To measure the heteronuclear 
NOEs, two spectra were acquired with and without proton saturation. Saturation was 
achieved by using a train of 120° 1H pulses applied for 3 s after a 3 s recycle delay. All 
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the data were recorded by using 96 and 512 complex points in t1 and t2 dimensions, 
respectively, and with spectral widths of 1014 Hz (15N) and 7000 Hz (1H). 
2.1.3  Relaxation data analysis 
   Spin-spin relaxation time T2 was calculated from T1ρ and T1 according to 
                     1/T1ρ = 1/T1 sin2θ + 1/T2 cos2θ         
where θ = atan (∆ω/ω1), and ∆ω and ω1are the resonance offset and spin-lock 
field strength, respectively. Relaxation data were analyzed using the reduced spectral 
density mapping approach. J(0), J(ωN), and J(0.87ωH) were calculated using the 
following simplified equations (Farrow et al, 1995):  
           1/T1 = d2/4[3J(ωN) + 7J(0.87ωH)] +c2J(ωN)                                             
           1/T2 = d2/8[4J(0) + 3J(ωN) + 13J(0.87ωH)] + c2/6[4J(0) + 3J(ωN)]         
            NOE = 1 + T1(γH/γN)(d2/4)[5J(0.87ωH)]                                                  
where d = (µ0h/8π2)γHγNrNH -3, c = ωN (σ// - σ⊥ ) / √3, γ is the gyromagnetic ratio, h 
is Planck’s constant, µ0 is the permeability of a vacuum, rNH is the N-H bond length (1.02 
Å), σ// and σ⊥ are the parallel and perpendicular components of the assumed axial 
symmetric chemical shift tensor, and σ// - σ⊥ is taken as -170 ppm.  
A method for obtaining order parameters from NMR relaxation data of both 
folded and unfolded proteins have been proposed and validated (Yang et al, 1997). The 
approach provides physically meaningful order parameters for even unfolded proteins 
(Schurr et al, 1994. Alexandrescu, 1994). The square of a generalized order parameter (S2) 
is extracted from the fit of an individual residue using a simple Lipari-Szabo model 
(Lipari et al, 1982) shown in the next page and its value reflects the rigidity of protein 
backbone on ps-ns time scales. 
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J(ω) = 0.4[S2τloc/(1 + ω2τloc2) + (1- S2)τe/(1 + ω2τe2)]                
where τloc is the apparent correlation time for a specific residue and τe is the effective 
correlation time that satisfies the relation τe « τloc . 
2.2      Results and discussion 
 
2.2.1   Resonance assignments 
 Sequential assignment by standard triple resonance 3D experiments such as 
HNCACB and CBCA(CO)NH normally relies on the dispersion of 13Cα, 13Cβ, 15N, and 
1HN. Routine methods usually fail when the resonances are poorly dispersed, especially 
for 13Cα, 13Cβ, as in the case of NG. Fortunately, the chemical shift dispersion of carbonyl 
13C is still large enough in unfolded proteins. Thus CO dispersions have been exploited in 
HNCO, HN(CA)CO experiments. These two sets of experiments are complemented and 
used to obtain the sequential assignment, as shown in Figures 2-1 and 2-2. 
 
Figure 2-1. Sequential assignments by triple resonance experiments CBCA(CO)NH (A) and HNCACB (B). 




Figure 2-2.  Sequential assignment by triple resonance experiments HNCACO (A) and HNCO (B) 
      Strips taken from spectrum represent residues S36, F37, R38 respectively. 
 
As introduced previously, HNCACB experiment correlates N, H with Cα and Cβ 
from both residue i and its preceding residue i-1, in another word, for many non-Proline 
residues, two pairs of Cα and Cβ peaks belonging to two adjacent residues are expected to 
appear in the spectrum, except for residues with resonance overlap that only one pair of 
Cα and Cβ peaks may appear. For certain amino acids, their Cα and Cβ chemical shifts 
possess characteristic features and their amino acid types can be identified. For example, 
Cβ chemical shift of Serine residue could be quite large and even larger than its Cα 
chemical shift; Cβ chemical shift of Alanine are relatively smaller than that of other 
residues and it is usually less than 20 ppm. Thus, it is easy to tell from the first strip pair 
in Figure 2-1 that residue i is Serine and its preceding residue is Alanine, as 
CBCA(CO)NH shows Cα and Cβ of residue i-1. Checking the primary sequence of NG,  
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-A-S- combination appears only once, thus without further information, this Serine 
residue can be assigned as S36. Connections among more residues can be established in a 
similar way. Certain residues with their amino acid types identified can serve as sequence 
position indicators to help make unambiguous assignment. However, chemical shift 
degeneracy can cause ambiguity. Still in Figure 2-1, from the second strip pair (F37), Cα 
chemical shift of F37 is close with that of S36 resulting in peak overlap and ambiguity. 
This problem is solved by HNCO and HN(CA)CO experiments in which good dispersion 
of CO was exploited. In Figure 2-2, sequential relationships among residues S36, F37 and 
R38 are clearly established and confirm the assignment made from HNCACB and 
CBCA(CO)NH experiments. 
Using these two sets of NMR experiments, resonances for all nonproline residues 
were assigned in the HSQC spectrum, except for the first five residues (M1-T5) due to 
their weak signals. Figure 2-3 shows the assigned 1H-15N HSQC spectrum of rat NG 
protein. A couple of weak peaks in the glycine region (not labeled) are believed due to 
proline isomerization. 
Aliphatic proton resonance assignment was obtained from an H(CCO)-TOCSY 
spectrum. In principle, H(CCO)-TOCSY experiment correlates amide proton of residue i 
with all aliphatic proton of residue i-1and its aliphatic side chain carbon atoms. Hα 
chemical shifts of most residues can be obtained from this spectrum except those residues 
followed by proline, as proline contains no amide proton. In this case, Hα chemical shift 
was extracted from HNHA experiment which was designed for obtaining JHNHα constant, 
for HNHA experiment correlates amide proton of residue i with Hα of its own.  
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 Figure 2-3.    1H-15N HSQC of neurogranin recorded at 25 °C. The resonance assignments are indicated  
                       by amino acid names followed by residue numbers. 
                       Resonances resulting from impurities are indicated by asterisks (*). 
 
2.2.2   Analysis of Chemical Shifts 
 13Cα, 13Cβ, 13C′, and 1Hα chemical shifts are useful indicators of secondary 
structure in folded proteins (Wishart et al., 1991. Wishart et al., 1994). To identify 
residual structures in unfolded proteins, chemical shift deviations from random coil 
values for 13Cα, 13Cβ, 13C′, and 1Hα have to be calculated properly. The random coil values 
used in our analysis were derived from model peptides G-G-X-A-G-G at 1 M urea, pH 5 
at 25 ºC (where X are any of the 20 amino acid) (Wishart et al, 1995). In addition, 
random coil chemical shifts should be corrected by considering sequence dependent 
effects because the residues preceding and following X could have significant effects on 
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its chemical shifts. Nonadjacent residues usually have small chemical shift effects which 
in practice are not considered. Correction factor B represents sequence dependent effect 
on X caused by its following residue and factor C represents the effect on X by its 
preceding residue. Correction factors were determined by calculating variations of G2, 
G4 chemical shifts in model peptides G-G2-Y-G4-G relative to those of the reference 
peptide G-G2ref-G-G4ref-G-  (Y represents any one of 20 amino acids,  number represents 
the position of Glycines, subscript ' ref ' represents reference peptide). Correction factor B 
and C were obtained by following simple subtraction:  
B (ppm) =δ (G2) – δ(G2ref),  C (ppm) = δ (G4) – δ(G4ref) 
(δ refers to chemical shift)  
Suppose Y is the adjacent residue to X, factor B or C derived from above method 
was directly used to correct sequence dependent effect of Y on X when Y is non-proline 
residue.  It is approximated that Y exerts the same sequence dependent effect on Glycine 
than on any other amino acid. For example, the random coil chemical shift of Serine in 
the peptide chain of –I-K-S-T-E–, has to be corrected by factor B obtained from model 
peptide –G-G-T-G-G– (effect of residue T on the preceding residue G) and by factor C 
obtained from model peptide –G-G-K-G-G– (effect of residue K on the following residue 
G). 
However, when Y is Proline, large deviations in the chemical shift of residue G2 
are observed for all nuclei except 15N and the consistency of the correction factor 
calculation method described above breaks down. For factor B, the value of -0.77 ppm 
derived from the observed chemical shift in the G-G-P-G-G peptide is too small and it 
needs to be corrected by other method. The proline correction factor B to Cα was  
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estimated from the chemical shift differences between two sets of model peptides, G-G-
X-A-G-G and G-G-X-P-G-G (Wishart et al, 1995. Schwarzinger et al, 2001). It is about -
2.0 for all residues except when Glycine is in X position. With the same estimation, 
correction factor B of proline for Hα is about 0.29 ±0.02 ppm for all non-Glycine residue 
X. When X equals to Glycine, followed by proline, factor B we used were -0.77 for Cα 
and 0.11 ppm for Hα.  
With a proper set of random coil chemical shifts and correction factors chosen, 
chemical shift deviation was calculated according to the following method. Firstly, 
original chemical shift values of random coil obtained from model peptides G-G-X-A-G-
G were normalized to the values expected for the peptides G-G-X-G-G-G, i.e., 0.17 ppm 
for Cα and 0.03 ppm for Hα were added to the random coil shifts of X (Schwarzinger et al, 
2001). Then, taking sequence dependent effect into account, the random coil chemical 
shift values were further corrected by adding correction factor B, C to the random coil 
values. Finally, chemical shift deviation was obtained by subtracting corrected chemical 
shifts of random coil from experimental chemical shift values. 
Figure 2-4 shows the corrected chemical shift deviations from random coil shifts. 
The Cα chemical shifts are significantly larger than the random coil shifts for the region 
G25-A42, indicating the presence of residual α-helical structures for this fragment. Most 
of the residues outside this region show similar chemical shifts as random coil values. 
Residues I19 and D23 show significant upfield shifts, which may result from an improper 
correction factor for proline residue. The chemical shift deviation for Cβ (∆Cβ) is 
significantly less than ∆Cα. The negative ∆Cβ values for G25-R38, however, also support 
the presence of α-helical propensities for residues in this region. Unlike Cα resonances, 
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Cβ resonances are shifted slightly from random coil positions in helical structure (Wishart 
et al, 1994), which can be explained by its relatively poor diagnostic capacity in the study 
of unfolded NG. Similar to ∆Cα and ∆Cβ, the deviation of Hα chemical shifts from 
random coil values is negligible for most of the residues in C-terminal and N-terminal 
regions. The negative values of ∆Hα for residues P20-A42 further confirm the existence 
of α-helical structure in this region. All the chemical shift data are consistent with the 
presence of a residual α-helical structure in the region from G25 to A42. The mean 
population of α-helix can be estimated by using helical chemical shift deviations of 2.8 
and -0.3 ppm for Cα and Hα, respectively (Wishart et al, 1994). The resultant helical 
populations for the fragment G25-A42 were 22% and 28% as calculated from Cα and Hα 


























igure 2-4.     Deviation of chemical shifts Cα (a), Cβ (b), and Hα (c) from the sequence- 
                      corrected random coil values. 
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2.2.3    3JHNHα Coupling Constants  
 Three-bond J coupling constants are sensitive to dihedral angle Ф and provide 
valuable information about secondary structure. 3JHNHα values which significantly deviate 
from random coil values (6-7.5 Hz) indicate definite propensities for the secondary 
structures. 
 
Figure 2-5.      (a) 3JHN,Hα coupling constants derived from HNHA 3D experiments. (b) Deviation of the 
coupling constants from context corrected statistical random coil values. 
 
 Figure 2-5(a) shows the experimental results of 3JHN,Hα coupling constants. The J 
values for several residues could not be obtained accurately due to resonance overlap. 
Similar to chemical shifts, the random coil J values of all amino acids were corrected for 
local effect, since its coupling constant value is affected by its preceding residue (Smith 
et al, 1996. Penkett et al, 1997). The random coil J value for glycine residue given in the 
literature (5.9 Hz) (Smith et al, 1996) is quite small. There are 18 glycine residues in NG, 
and most of them are in the random coil state as indicated by chemical shifts. Therefore, 
the average J value (7.0±0.2 Hz) over 14 glycine residues located at the C terminal region, 
G55-D78, is used as a reference for random coil coupling constant. The deviation of 
coupling constants from the corrected random coil values is shown in Figure 2-5b. The 
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coupling constants for residues in the region from L21-A42 are significantly smaller than 
the random coil values, supporting the argument that G25-A42 preferentially populate the 
α-region of (φ, ψ) space. 
2.2.4 Homonuclear NOEs and amide proton temperature coefficient 
 1H-1H NOE as well as amide proton temperature coefficient is another indicator 
of the presence of residual structures for unfolded proteins. Homonuclear NOEs were 
measured using 15N-edited NOESY-HSQC experiments. The NOEs and their relative 
intensities are shown in Figure2-6. 
Strong or medium dαN(i, i+1) NOEs are observed for most of the residues in the N-
terminal region E6-G49, while weak dαN(i, i+1) NOEs are observed for the residues in the 
C-terminal region, indicating the high mobility of this part. dNN(i,i+1) NOEs for two 
regions G25-S36 and D15-D18 are observed. The relative intensities of the sequential 
dαN(i, i+1) and dNN(i,i+1) NOEs provide an estimation of the relative population of backbone 
dihedral angles on residual base in the α- and β-regions of the conformational (φ, ψ) 
space. The region D15-D18 displays the smallest dNN(i,i+1)/dαN(i, i+1) ratio (<0.3), indicating 
the existence of a very small population of α-conformations in this part of the sequence. 
The population of the α-conformations is so small that it is undetectable by chemical 
shifts and J couplings (Figures 2-4, 2-5). In the region of G25-K32, the ratio  
dNN(i,i+1)/dαN(i, i+1) is apparently large (~1.0), implying that this part of the sequence has the 
highest population of dihedral angles in the α-region of the (φ, ψ) space. The relatively 
smaller sequential NOE ratios in the region I33-S36 indicate that this fragment samples 
both the α- and β-regions of the conformational space, but the population of α-
conformations is lower than the fragment G25-K32. Although chemical shifts and J 
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coupling constants also indicate the presence of residual structure in the region G25-S36, 
no medium-range NOEs such as dNN(i,i+2) are detected. One possibility is that the residual 
structure undergoes rapid exchange with random coil conformers. Thus, existing 
proportion of α-helical structure is insufficient to give rise to detectable medium- or long-
range NOEs.  
 
Figure 2-6    Relative intensities of 1Hα(i)-1HN(i+1) NOE (dαN(i,i+1)), 1HN(i)-1HN(i+1) NOE (dNN(i,i+1)), 
                    1HN- H2O chemical exchange (dNH,H2O). The thickness of the bars represents the estimated  
                     relative NOE or exchange peak intensity (strong, medium, weak). 
                     NOEs that are obscured due to overlapping resonance are indicated by asterisks (*). 
 
Hydrogen exchange rate between amide and water protons depends on the degree 
of exposure of the amide proton to solvent. For random coil, the residence time of the 
amide protons is in the order of milliseconds. On the other hand, the residence time can 
be much longer (seconds to weeks) for those amide protons involved in hydrogen bonds 
in regular secondary structures. The cross-peaks between water protons and amide 
protons observed in the NOESY-HSQC spectrum are resulted from proton exchange 
between them. The peak intensities shown in Figure 2-6 provide a rough estimation of the 
relative exchange rates. The weaker the exchange peak intensity (dNH, H2O) is, the larger 
the protection factor is (Yao, et al, 2001). Residues located at regions G25-Q34 show 
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small exchange rates, indicating that these residues are less accessible to solvent as a 
result of residual structure formation. 
  HSQC spectra of NG were recorded at 5°C, 15°C, 25°C, 35°C, 40°C respectively, 
from which amide proton chemical shift data were extracted. Amide proton chemical 
shifts of each distinguishable residue under different temperature were then analyzed by 
linear regression to obtain the slope which is amide proton temperature coefficient of this 
particular residue (Figure 2-7). It has been estimated that -8ppb/K is the characteristic 
value for random coil (Dyson et al, 2001). Consistent with the result from hydrogen 
exchange rate, the amide proton temperature coefficients for G25-Q34 are significantly 
smaller in absolute value than those of other residues. The average values are -5.7 ±1.5 
ppb/K in this region and -8.5 ± 1.0 ppb/K for the rest of the residues in the sequence. It 
has been found that amide proton located in hydrogen-bonded regular secondary structure 
displays a more positive proton temperature coefficient than -4.5 ppb/K (Baxter et al, 
1997), while amide proton located in random coil shows a more negative coefficient than 
-8.0 ppb/K (Waltho et al, 1993.Yao et al, 2001). Therefore, a small amount of 
cooperatively folded α-helix might exist in the region of G25-Q34. 
 
Figure 2-7. Temperature coeffeciency derived from amide proton chemical shift linear progression 
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Residues D15-D18 display weak amide proton exchange peaks in the HQSC-
NOESY spectrum, but their amide proton temperature coefficients are more negative than 
-8.0 ppb/K. Except for the amide proton exchange rate, other factors such as amide 
proton relaxation and water suppression can influence the exchange peak intensity. The 
C-terminal residue D78 should not be involved in backbone hydrogen bonding 
interaction. Its temperature coefficient is -7.6 ppb/K, but its exchange peak is very weak. 
Hence, amides with very fast exchange rates may give very weak exchange peaks. 
According to chemical shifts, sequential NOEs and temperature coefficients, the region 
D15-D18 is in a random coil state with slight preference toward the α-region of 
conformational space. It is interesting to observe that residues around S36 (A35-A42) 
show relatively large water-amide exchange rates and large negative proton temperature 
coefficients. Combining with the information of chemical shift deviation (Figure 2-4), we 
can argue that the region surrounding the phosphorylation site (S36) populates α-region 
of the (φ, ψ) space but does not form folded secondary structure.  
A previous study using a peptide corresponding to residues A30-K45 of rat NG 
showed that the peptide had a tendency to form an α-helix in the region surrounding the 
phosphorylation site (Chang et al, 1997). The region F37-G39 was proposed to form a 
folded structure in aqueous solution. Due to the lack of a number of residues (A26, N27, 
A28, A29) with high α-helix propensity at the N-terminus of the peptide, the peptide 
forms a less stable helical structure in the N-terminal region A30-Q34 compared to the 
full-length protein. Although residues F37-G39 are located in the middle of the peptide, 
their structures can still be affected by additional amino acids at both termini of the 
peptide as evidenced by the structural difference between the peptide and full-length 
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protein. The region surrounding the phosphorylation site adopts a fluid structure, and this 
may allow PKC to access this site more easily and facilitate the catalytic process. 
2.2.5   Relaxation Properties of NG 
 The relaxation parameters T1, T1ρ, and heteronuclear NOE were measured for all 
detectable backbone amides in NG. Unambiguous intensity measurements were possible 
for resonances from 56 of the 71 non-proline residues. T2 was calculated from T1ρ and T1. 
Relaxation time T1 gradually decreases for residues away from the termini and then 
reaches a plateau between residues D13 and S48, forming an upside-down bellshape 
profile. Interestingly, the profile is asymmetric around the center of the protein sequence, 
while a symmetrical profile is expected for a random coil polypeptide (Hu et al, 1990). In 
NG, most of the residues in the N-terminal half of the protein are located at the plateau. 
Similarly, the distribution of heteronuclear NOEs along the amino acid sequence displays 
an asymmetric bell-shape profile (Figure 2-8). The NOE values for the residues in the 
plateau are about zero, while others are negative, indicating that residues between D13-
S48 form a relatively compact structure instead of a random coil. Relaxation time T2 
follows a similar profile as T1 does. However, unlike T1 and NOE, T2 values show 
significantly local variations along the sequence, especially for residues in the C-terminal 
domain. Such local variations result from slow motions on the millisecond to 
microsecond time scale. 
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 Figure 2-8.    Relaxation times T1 (a) and T2 (b) and heteronuclear 1H-15N NOE (c). 
 
2.2.6    Spectral Density Analysis 
 The values of the spectral density functions for NG were calculated and 
illustrated in Figure 2-9. The flexibility along the protein backbone can be characterized 
by correlating the spectral density values with the protein sequence. Spectral density 
parameters J(0), J(ωN), and J(ωH) indicate that the region between D15 and S48 is more 
restricted than other parts. The increase in J(0) values for the C-terminal region G55-D78 
arises from an increase in molecular motions on the microsecond to millisecond time 
scale. Similarly, the abnormal J(0) values for residues A8, L17, G39, A42, and K47 result 
from slow backbone motions.  
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 Figure 2-9.   Spectral density function J(0) (a), J(ωN) (b), and J(0.87ωH) (c) derived from relaxation data. 
 
Unfolded proteins which have little ordered structure are characterized by 
relatively uniform backbone dynamics and small J(0) values that are nearly equal to 
J(ωN). For example, the unfolded apo-plastocyanin (99 residues) under nondenaturing 
conditions at 35 °C has a J(0) value of about 0.3 ns/rad and J(ωN) values of about 0.2 
ns/rad (Bai et al, 2001). On the other hand, unfolded proteins with significant amount of 
ordered structure show non-uniform backbone dynamics, much larger J(0) values and a 
substantial difference between J(0) and J(ωN). For example, unfolded drk SH3 domain 
(61 residues), which possesses a significant amount of residual structure, shows a gradual 
decrease of J(0) values for residues being close to both termini. The J(0) values  
(~1.0 ns/rad) are much larger than J(ωN) (~0.3 ns/rad) values for the residues in the 
middle of the SH3 sequence (Farrow et al, 1997). The spectral density profiles of NG 
(Figure 2-9) are quite different from those with little residual structure, but similar to the 
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drk SH3 domain. It further confirms the conclusion drawn from chemical shifts and J 
coupling constants. Spectral density parameters indicate that residues between D15 and 
S48 move collectively in certain degrees. For a folded protein with around 75 residues, 
the overall rotational correlation time is about 4 ns at 25 °C, corresponding to a 
maximum J(0) of 1.6 ns/rad and a maximum J(ωN) of 0.62 ns/rad. In Figure 2-9, most of 
the residues within the region G25-A42 display J(0) values of ~0.8 ns/rad, corresponding 
to local correlation times of ~2 ns. The J(0) and J(ωN) values of NG show that the protein 
is still quite flexible although about 20% α-helical structure exists in the region G25-A42. 
2.2.7      Model-Free Analysis 
 It has been demonstrated that order parameters for unfolded proteins can be 
extracted from dynamic parameters (Yang et al, 1997), in which an apparent local 
correlation time was applied to each residue although a global correlation time is no 
longer valid. The calculated values of S2 are shown in Figure 2-10.  
 
Figure 2-10.  Square of order parameters (S2) derived from relaxation data 
  
To estimate the effect of slow exchange process (Rex) on the accuracy of 
calculating S2, simulations were made using method described previously by Yang et al, 
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(1997), with the exception that Rex was added to the synthesized transverse relaxation rate 
(1/T2). When S2 < 0.5, the error in the resultant S2 is still less than 10% in case of  
τ'e < 0.15 ns. Several residues with large Rex shown τ'e > 0.15 ns were excluded from 
Figure 2-10. The average S2 values were 0.48 ± 0.02 for residues G25-K44, 0.39 ± 0.02 
for residues D15-D23, and 0.36 ± 0.03 for the region from I46 to R53. The order 
parameters for the residues in the C-terminal domain (G55-D78) were less than 0.3 
(average value 0.22 ± 0.07, many data are not shown in Figure 2-10 due to large τ'e 
values). S2 describes the degree of motional restriction. A value of 1 corresponds to 
completely rigidity while a value of zero corresponds to no restriction. Therefore, the 
order parameters support the conclusion that the region from D15 to S48 is relatively 
rigid and moves collectively in a certain degree. 
2.2.8      NG-CaM Interaction 
When CaM was titrated to 15N-labeled NG (0.7 mM NG, pH 6.5, 50 mM KH2PO4 
buffer, 5 mM DTT, 5 mM EGTA, at 25 °C), many cross-peaks of NG in the 1H-15N 
HSQC spectrum showed gradual intensity decrease with the increase of CaM 
concentration and no significant positional change was observed (Table 2-1). When CaM 
concentration was very low (with NG/CaM molar ratio of 10:1), NG residues I16 to G39 
showed peak intensity reducing, among which I16, I19, G25,A26, K32, I33 had greater 
intensity reducing. When CaM concentration increased to NG/CaM molar ratio of 5:1, 
residues showing peak intensity reducing extended to C-terminal of the IQ motif. Peak 
intensity of K47, S48 reduced greatly and there were significant intensity reducing for 
residues S36, G39, indicating that interaction of CaM with these residues enhanced. 
When concentration of CaM increased even higher, the residues of whole IQ domain as 
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well as its N-terminal residues from I16 disappeared from HSQC spectrum. This 
observation might indicate that at low CaM concentration, CaM binds with NG 
by interacting with certain residues N-terminal to the IQ domain as well as with certain 
residues within IQ domain. The interaction is enhanced when CaM concentration 
increases and more residues in NG participate in the binding. 
Table 2-1    In CaM titration experiment, many residues of NG showed peak intensity reducing in 1H-15N  
                    HSQC spectrum. Some well resolved residues are listed below. 
                   
Residues 
Of NG 
Peak intensity  
(x106)  















D78 6.9 6.83  6.89  
G77 4.57 4.78  4.42 3.3% 
S76 4.1 4.24  3.86 5.8% 
S48 1.19 1.25  0.77 35.3% 
K47 2.18 2.08 4.0% 1.48 32.1% 
G39 1.29 1.13 12.4% 0.82 36.4% 
S36 1.71 1.43 16.4% 0.92 46.2% 
I33 2.7 2.18 19.3% 1.7 37.0% 
K32 2.6 2.1 19.2% 1.58 39.2% 
A26 4.1 2.95 28.0% 2.4 41.5% 
G25 3.47 2.48 28.5% 1.98 42.9% 
I19 3.2 2.45 23.4% 2.1 34.4% 
I16 2.4 1.98 17.5% 1.71 28.8% 
 
Figure 2-11 shows the 1H-15N HSQC spectrum of the NG-CaM complex at 
respective protein concentrations of 0.7 mM for NG and 1.75 mM for CaM, pH 6.5, 50 
mM KH2PO4 buffer, 5 mM EGTA, 5 mM DTT, at 25 ºC. The resonance assignment was 
confirmed by HNCACO and HNCOCA spectra. In comparison with the spectrum of the 
free NG form (Figure 2-3), the highly flexible terminal parts R53-D78 and E6-D13 
remains unchanged upon binding to CaM. Most of residues in the region D15-G52 do not 
give signals in the HSQC spectrum. Several residues in this region show weak signals 
with position shift. The results indicate that residues D15-G52 in NG undergo significant 
structural changes upon binding to CaM.   
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 Figure 2-11.  1H-15N HSQC of NG-CaM complex (NG:CaM=1:2.5 in molar ratio) recorded at 25°C.  
                      The resonance assignments are indicated by amino acid names followed by residue numbers. 
        Resonances resulting from impurities are indicated by asterisks (*). 
 
Gerendasy et al. studied nine peptides on their interactions with CaM using CD 
spectroscopy. The nine peptides (NG1-20, NG12-24, NG16-42, NG25-47, NG34-51, 
NG40-55, NG44-54, NG55-66, and NG66-78) cumulatively span the entire amino acid 
sequence of NG. It was concluded that CaM stabilizes an amphiphilic α-helix within NG 
(G25-K47) in the absence of Ca2+. A highly basic stretch of residues R43-K47 outside the 
IQ domain was identified to be crucial CaM binding residues (Gerendasy et al, 1995). In 
addition, I33, S36, and R38 within the IQ domain were found to be important for CaM 
binding to NG in vivo (Prichard et al, 1999).  
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Though our NMR studies couldn’t define exactly which residues are involved in 
the binding sites, it is clear that besides the IQ domain, many residues (D15-K32 and 
K44-G52) are involved in the interaction with CaM or undergo significant structural 
changes. G52 is still visible in Figure 2-11, but its chemical shift change significantly 
upon binding with CaM.  
The diminishing of peaks is not because the complex is more rigid and larger than 
the free NG, but is a result of very weak binding between the two proteins. In this case, 
NG can exchange between free and complex states and has significant populations in 
both states. Residues at the binding interface in the complex state experience a different 
environment from those in the free state, the amide NMR signals from the interface 
residues would undergo broadening and even disappear due to exchange between these 
two environments when the free and bound states are in equilibrium. 
 Previous studies showed that the binding affinity between the reduced NG and 
CaM was 5.4 µM at pH 7.2, 100 mM NaCl, and 2 mM EGTA as determined by CD 
spectroscopy, while the affinity between the CaM and a NG mutant was 2.9 and 
14 µM, respectively, as determined by CD spectroscopy and sedimentation equilibrium. 
Our NMR results however show that the dissociation constant for the reduced form is 
much larger than 5 µM. If the exchange occurs at a time scale of milliseconds to 
microseconds, an amide may not be detectable in the HSQC spectrum when the chemical 
shifts of its 1H and/or 15N are different in the two states. The disappearance of a cross-
peak indicates that the corresponding residue is involved in binding and/or undergoing 
significant structural changes.  
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2.2.9      Implication for Protein-Protein Interaction and Complex Stability  
The interaction between NG and CaM has been considered to be mediated 
through IQ domain. It was identified that the IQ domain plus nine residues consecutive to 
the N-terminus of the IQ motif had a greater propensity to form α-helix. Since the 
hydrophobic and basic residues along the putative α-helix may exhibit a characteristic 
pattern, a patch of hydrophobic residues (I33, F37, M41, and A42 in NG) was proposed 
on one side of the helix, while a patch of positively charged residues (K32, H40, R43, 
K44, and K45) was proposed on the opposite side (Gerendasy et al, 1995). It was also 
found that when IQ domain peptide dissolved in micelle, a helical structure was induced 
probably through hydrophobic interactions between the micelle and hydrophobic residues 
in IQ domain (Chang et al, 1997). As for IQ domain binding and complex formation, a 
structural model of apo-CaM binding to the first IQ motif in an unconventional myosin 
was built. The model revealed that polar residues in the IQ motif participated in the 
formation of hydrogen bonds with residues of CaM. On the other hand, the hydrophobic 
residues within the IQ motif (corresponding to the first, fifth, and eighth residues in the 
consensus sequence) interacted with the apolar interior of the semi-open C-terminal lobe 
of CaM (Houdusse et al, 1996b).  
For NG, the continuous hydrophobic surface formed by the residues within the IQ 
domain may extend to A30 and then to A26 in an α-helical structure conformation. 
Although the α-helix in the region G25-A42 is nascent, the probability of finding a 
continuous hydrophobic surface in such a nascent structure is lower than in a stable α-
helix, but still much higher than in a random coil state. Therefore, the existence of a 
nascent helical structure facilitates the recognition of NG by CaM. The details of 
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structural rearrangement that occurs, when NG binds to its partner, are not clear. 
However, the apparent change in conformational entropy of many of the residues 
involved in binding is significant. Such entropy change will play a critical role in 
determining the strength of protein-protein interaction.  
An approach have been developed for predicting conformational entropy change 
between conformational states based on NMR derived order parameters (Yang et al, 
1996). When S2 is smaller than 0.95, the prediction method is applicable. It is important 
to note that the predicted entropy change reflects only changes in rapid motions visible by 
NMR relaxation, and additional contributions from slow motions, collective motions, 
bonds other than N-H vectors and solvent, which are also involved in the net entropy 
change, are not considered. For drk SH3 domain, the average entropy change between the 
folded and partially unfolded states was about 12 J/mol K per residue. Although the 
prediction method is oversimplified, this value is very similar to what has been estimated 
for protein folding using a number of techniques (Doig et al, 1995). The average S2 
values were 0.39 ± 0.02, 0.48 ± 0.02, and 0.36 ± 0.03 for regions D15-D23, G25-K44, 
and I46-G52, respectively. Assuming an NH S2 value of 0.85 for the residues located in 
binding regions in the NG-CaM complex, we predicted that the conformational entropy 
changes were 13.7 ± 0.4, 11.9±0.4, 14.3 ±0.4 J/mol K per residue for the three regions 
D15-D23, G25-K44, and I46-R53 upon NG binding to CaM. Assuming that entropy is 
additive, the energy cost for immobilizing the residues in region D15-G52 will be about 
146.3 kJ/mol at 25 ºC. From the simple calculation, we can see that the entropic cost for 
NG residues rigidly held by CaM is tremendous. This can account for the instability of 
the complex. If this binding region of NG is as flexible as its C-terminal domain residues 
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(S2 =0.22), immobilization of the same fragment will cost 192.6 kJ/mol at 25 ºC. The 
presence of a nascent helical structure in the region G25-A42 of free NG significantly 
reduces the energy cost for protein-protein complex formation, and thus NG can bind to 
CaM. For such a system where folding and binding are coupled, the preference for an 
interaction can be increased without increase in binding affinity, as there is a 
compensational loss in conformational entropy (Schulz, 1979. Spolar et al, 1994). The 
weak binding affinity of NG is favorable for the regulation of CaM-dependent activities 
through sequestration and release of CaM. At the same time, the flexibility of the 
unfolded NG allows it to interact with different proteins such as CaM, PKC, and possibly 















 Chapter 3.  Calmodulin assignment by analyzing NMR spectra 
 HSQC-TOCSY and HSQC-NOESY  
 
3.1 Introduction and objective 
Nowadays multidimentional heteronuclear techniques enable structures of 
proteins with molecular weight up to 25kDa to be studied by NMR. With the size of 
protein increasing, NMR spectra becomes so complex that it could take months to do 
spectrum assignment. Thus developing automated assignment methods is desirable in 
order to achieve efficiency and accuracy. In this chapter, a helical rich protein: 
calmodulin was used as a model and its HSQC-TOCSY and HSQC-NOESY spectra were 
analyzed to gain information for developing automated assignment method. The spectra 
were obtained by using 15N uniform labeled sample. 
Calmodulin (CaM) contains 8 α-helices, 4 calcium binding loops and two short β-
sheets (Zhang et al, 1995). Because of its high content of helical structure, the chemical 
shift dispersion of both amide and Cα protons is typically narrow. 76% of CaM backbone 
amide protons resonate in a spectral region of 1ppm and 50% of the CαH protons resonate 
within a 0.52 ppm spectral region (Ikura et al, 1990b). 3D NOESY-HMQC and 3D- 
HOHAHA-HMQC experiments had been used for CaM sequential assignment. In 
addition, specific labeling technique was utilized and 19 residues with known amino acid 
types could serve as sequential markers for assignment. As a result, backbone protons of 
123 residues as well as a substantial number of side chain proton assignments were 
obtained except that three homologous sequences at Glu6-Glu7-Gln8, Glu82-Glu-83-
Glu84, and Asp118-Glu119-Glu120 remained as a problem (Ikura et al, 1990a). The 
complete assignment was not obtained until heteronuclear triple resonance experiments 
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were applied, in which 13C and 15N double-labeled CaM sample was used (Ikura et al, 
1990b). 
 The narrow distribution of amide and Cα protons of CaM presents a challenge for 
us to do assignment by HSQC, TOCSY and NOESY experiments. These experiments can 
be obtained using only 15N uniform labeled sample which is much less expensive than the 
13C labeled sample. However, α-helices exhibit relatively strong NOE interactions 
between sequential amide protons, NHi-NHi+1,i-1 NOE connectivity will allow us to do 
sequential assignment if connected fragment is long enough and certain amino acids in 
the fragment can be identified and serve as indicators for sequential position. Besides 
NHi-NHi+1,i-1 NOE, NHi-Hαi-1 NOE can be used to extract additional information in 
sequential assignment when there is no unambiguous NHi-NHi+1,i-1 NOE connectivity.  
For a protein the size of CaM, it is difficult to obtain residue type assignment in 
TOCSY spectrum because proton line width is too large to efficiently transfer J coupling 
information, thus crosspeaks between NH and Cβ proton or beyond are often 
unobservable. In the TOCSY spectrum, there are NOE cross-peaks due to cross-
relaxation from NOE interactions in the spin-lock frame. However, these NOE cross-
peaks typically are of opposite sign from the diagonal peaks, whereas true cross-peaks 
from J coupling have the same sign as the diagonal peaks. Based on these features, 
TOCSY spectrum could be useful for distinguishing different spin systems. 
3.2     Results and discussion 
NMR spectra were recorded at 25ºC using a 1.5 mM 15N-labeled CaM sample 
dissolved in 90%H2O/10% D2O, 0.1 M KCl, 6.0mM Ca2+, pH 6.5. The conditions were 
similar with those used in the literature (Ikura et al, 1990a). 
 46
The spectra were processed using NMRView software. In order to facilitate spin 
system identification and assignment, peak lists were modified by removing artifacts 
manually, followed by spectrum analysis. 
3.2.1    HSQC-TOCSY spectrum analysis 
    It is hard to identify amino acid type by using TOCSY spectrum, in which 
resonances beyond Cβ proton were often unobservable and characterization of Cα and Cβ 
protons may not sufficient enough for amino acid type identification. A Cβ proton may 
resonance in the range of 1~4.5 ppm. Some residues don’t show Cβ proton resonances 
while others do. Though, Ala residue has Cβ proton with low chemical shift, it is still not 
safe to say that a spin system with low chemical shift resonance is Ala and a spin system 
without low chemical shift resonance is not. Gly residue has two Cα protons. 
Theoretically for a Gly residue, there will be two crosspeaks with chemical shifts 
between 3.5 to 5ppm showing up in the spectrum. However, these two protons of Gly 
may have chemical shift degeneracy and only one crosspeak appears. On the other hand, 
several other residues like Thr, Ser, Cys, Trp, Phe, Tyr may have Cβ proton resonances in 
a high chemical shift range closing to Cα proton resonances. For these reasons, it is not 
easy to tell a Gly apart from other residues. Only a few residues like G33, G113, G40, 
which have two crosspeaks with chemical shift in the range of 3.5~5ppm and have low N 
chemical shifts less than 107 ppm, can be surmised to be Glys. Without amino acid type 
identification, sequential assignment will mainly rely on NOE connections and the 
segments connected by NOEs need to be long enough to be able to put into sequence. 
Another problem is that since proton resonance assignment is not available for some Cβ 
protons and most of protons beyond, many NOE crosspeaks can not be assigned. 
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3.2.2 Sequential assignment by NHi-NHi+1 NOE connections 
Observed from HSQC spectrum, amide proton resonance falls into 7~10.5ppm. 
Protons with chemical shift of 6~7 ppm should belong to aromatic sidechain protons. In 
CaM, besides one Tyr residue, Phe is the main type of aromatic residues. For those 
residues approximate to Phe or Tyr, NOE crosspeaks between amide proton and aromatic 
proton are often observable. This piece of information may be helpful in identifying or 
confirming the sequential connections established by amide proton NOEs.   
The residues having two (residues in black and underlined) or one (residues 
without underline) distinguishable NHi-NHi+1 NOE crosspeaks are listed below. 
Residues showing no amide proton sequential NOEs are represented by X.  
 
X X X X X E6 E7 Q8 I9 A10 E11 F12 K13 E14 A15 F16 S17 L18 F19 D20 K21 G23 
D24 G25 T26 X X T29 K30 E31 L32 G33 T34 V35 M36 X S38  L39 G40 Q41 N42 P43 
X X A46 E47 X X X M51 I52  N53 E54 V55 D56 X X X  N60 G61 T62 X X X P66 E67 
F68 L69 T70 X X X R74 K75 X K77 X T79 D80 X X E83 X I85 R86 E87 A88 F89 
R90 V91 F92 D93 X D95 G96 N97 G98 F99 I100 S101 A102  A103 E104 L105 X X X 
X X X X X E114 K115 L116 T117 X X X X X X X X X E127 A128 X X X G132 D133 
G134 X X X X X E140 F141 X X X X X X X 
 
Table 3-1.  Summary of CaM NHi-NHi+1 NOEs observed in helical region. 
 
Helices in CaM No. of residues in helix No. of residues with NOEs 
Helix A (6-18) 13 13 
Helix B (29-39) 11 10 
Helix C (45-55) 11 7 
Helix D (65-76) 12 6 
Helix E (81-91) 11 8 
Helix F (102-111) 10 4 
Helix G (118-127) 10 1 
Helix H (138-146) 9 2 
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 There are 87 amino acids involved in the helices, 52 of them have one or two 
distinguishable NHi-NHi+1 NOEs.  There are 61 amino acids in non-helical region and 
among them, 33 residues are identified with one or two distinguishable NOEs.   
Several reasons are responsible for undistinguishable NHi-NHi+1 NOEs. Some 
residues don’t give NHi-NHi+1 NOEs; Some residues have similar N, NH chemical shifts 
and the resonances are overlapped in spectrum (As summarized in table 3-2). These 
residues can only be distinguished by carbon chemical shift and residual types. In case 
when three or four distinguishable NHi-NHi+1 NOEs appear at the same N, NH resonance 
position, we know that the NOEs should belong to more than one residues; Another 
major reason is that when residues with little NH chemical shift differences (Less than 
0.5ppm) are in neighboring position in the sequence, their NHi-NHi+1 NOEs will overlap 
with their own NH resonances resulting undistinguishable NOEs.  For example, residues: 
D118, E119, E120, V121, D122, E123, their NH chemical shift are 8.44, 8.27, 8.15, 8.02, 
8.02, 7.89 respectively. In such case, NOE crosspeaks can not be distinguished from 
diagonal peaks. 
There are two prolines (P43, P66) in CaM, which will not give any sequential 
connectivity because proline doesn’t have amide proton. Two residues: A57, N137 with 
high 15N chemical shifts happened not to be cropped into our TOCSY and NOESY 
spectra; due to spectrum overlap, residues I63, D64, F65 are hard to distinguish even 
referring to chemical shifts from literature (Ikura et al, 1990b). These situations make 
assignment more difficult. As a result, most residues between E6 and N42 have NHi-
NHi+1 NOEs in which glycine residues G33 and G40 could serve as sequential indicators 
and allow us to put the fragment into sequence. Combined with NHiHαi-1 sequential 
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NOEs, this fragment can be assigned unambiguously. Other residues and fragments can’t 
be put into sequence because the fragment is too short and no amino acid type is 
recognized. 
Table 3-2.  Summary of CaM residues with N, NH and CαH chemical shift degeneracy and resonance 
                   overlap  (Ikura et al, 1990b).  
 
Amino acids N(ppm) NH(ppm) CαH(ppm) 
K13 123.1 9.09 4.06 
A102 123.0 9.16 3.97 
    
E82 120.9 8.76 4.26 
E45 120.7 8.74 4.02 
    
K75 118.7 7.71 4.28 
M76 118.4 7.85 4.42 
    
A10 121.3 7.97 4.15 
A88 121.8 7.93 4.23 
    
Q8 119.8 7.67 3.93 
E84 120.2 7.68 4.06 
    
E7 119.3 8.63 4.12 
V142 119.4 8.48 3.21 
F65 119.0 8.90 4.04 
    
E67 117.4 7.8 4.15 
N129 117.3 7.83 4.57 
    
G59 108.2 7.55 3.95/3.85 
G132 108.3 7.57 4.01/3.85 
 
3.2.3  Sequential assignment by NHi-Hαi-1 NOE connections 
In principle, NHiHαi-1 NOE exists for each residue no matter what secondary 
structure the residue is in. NHiHαi-1 sequential NOEs from several residues are listed in 
table 3-3 as an example, among which several NHiHαi-1 NOEs show unusually high peak 
intensity due to peak overlapping or other reasons.  
However, NHiHαi-1 NOEs are less reliable information for making sequential 
connections. Compared with NH proton resonance, Hα chemical shift distribution is quite 
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narrow and the problem of Hα chemical shift degeneracy is severe; Crosspeaks between 
amide proton and Hα proton from the same residue also appear in the spectrum with 
relatively strong resonance, causing resonance overlap;  Resonance from water molecule 
interferes, making peak intensity less useful in identifying NHiHαi-1 NOEs. Due to these 
reasons, there were ambiguities in identifying NHiHαi-1 NOEs and connections among 
fragments like R106-G113, D118-R126 and unassigned fragments in C-terminal end 
(table 3-4, as an example) could not be made. 
 
Table3-3.  Some residues show distinguishable NHiHαi-1 NOE sequential connections.  
                  (i) refers to the resonance from residue i. (i-1) refers to the resonance from residue i-1. 
 
Amino acid N(ppm) NH(ppm) Hα(ppm) NOEs(ppm) Peak Intensity 
T79 114.12 8.34 4.283 4.271 (i) 31.977 
    4.648 (i-1) 84.812 
      
D80 122.8 8.36 4.664 4.281 (i-1) 70.383 
    4.653 (i) 76.138 
      
S81 116.75 8.35 4.414 4.653 (i-1) 89.794 
            4.409 (i) 23.661 
            3.934 18.755 
            4.284 5.2 
            4.00 16.433 
            4.116 3.242 
            4.202 3.461 
      
E82 120.68 8.77 3.955         4.696 57.093 
         4.424  (i-1) 66.262 
            3.961  (i) 26.343 
















Table3-4: For some residues, NHiHαi-1 NOE sequential connections are not obvious. 
                (i) refers to resonance identified from residue i. 
 
Amino acid N(ppm) NH(ppm) HA(ppm) NOEs(ppm) Peak Intensity 
D118 122.62 8.37  4.653 76.138 
    4.281 70.383 
      
E119 119.75 8.221 4.05 4.656 9.984 
    4.396 3.674 
    4.171 19.908 
         4.044  (i) 37.173 
      
E120 118.81 8.13 4.645          4.645 (i) 17.005 
             4.476 17.736 
             4.34   (i) 10.856 
      
V121 120.87 8.055 3.637           4.309 2.049 
    4.182 9.306 
              4.074 3.751 
    3.978      7.049 
              3.614 (i) 25.074 
 
 
 In summary, by analyzing HSQC-TOCSY and HSQC-NOESY spectra, 
unambiguous sequential assignment can be obtained for most of the N-terminal residues 
of CaM. However, assignment of C-terminal residues is incomplete mainly due to N, NH, 
Hα chemical shift degeneracy and resonance overlap. Lacking of amino acid type 
identification makes it difficult to assign small fragments into sequence.  
3.2.4 Discussion 
Though complete assignment was not obtainable in this case no matter it was 
done by manual analysis or automated assignment methods, it was for sure that 
automated assignment methods would be useful and efficient in preliminary spectrum 
assignment. Based on CaM spectrum analysis, several suggestions were made for 
developing automated assignment methods. It was necessary to manually remove 
artifacts from peak lists before applying automated assignment methods; It would be 
helpful in improving efficiency and accuracy if the methods were designed to allow 
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manual check on certain important steps; The strategies were designed by exploiting 
spectrum properties of different secondary structures of a certain protein; Obtaining 
structural information could be stepwise, in which information was first extracted from 
most reliable sources, followed by cautiously incorporating more information derived 
from less reliable sources; By evaluating structural information on certain steps, one 
would be able to understand the nature of problems present.  
In general, the assignment strategies adopted are based on protein structural 
features and spectrum properties. If automated assignment methods were developed and 
applied, lots of time could be saved in doing assignment and certain secondary structures 
could be identified quickly. Manually checking on certain steps would help to reduce bias, 














Chapter 4.   Protein expression and purification 
 
4.1  Overview 
 
Producing recombinant protein has become a main source to obtain pure proteins 
for NMR experiments. NMR experiments usually need large quantities of purified 
proteins. For example, 300µl protein sample with a concentration varied from 0.5-1mM is 
usually needed for 3D experiments. To resolve structure of large protein, selective 
labeled or uniform labeled protein sample is also required. These goals can be achieved 
by recombinant technique. Bacterial expression system is widely used for preparing 
recombinant proteins. It is less expensive, efficient and usually provides good yield. To 
prepare recombinant protein, the first step is to clone gene which encodes interesting 
protein into an appropriate vector. Then the vector is transformed and overexpressed in a 
suitable bacterial cell line. 13C and 15N uniformly labeled proteins can be prepared by 
growing the bacterial cells in minimal media that uses only 13C-glucose and 15N -
ammonium salts as the sole source of carbon and nitrogen respectively. Many 
mammalian proteins can also be obtained in this way. For proteins with post-translational 
modifications, other expression systems can be adopted. Recombinant technique also 
allows the addition of tags to target proteins during expression vector construction. 
Tagging a recombinant protein can greatly simplify localization and purification of a 
protein.  
In this chapter, expression and purification of Drosophila CaM and mPRL 
proteins were presented. CaM was purified as both unlabeled and 15N labeled protein for 
NMR experiments. Mouse PRL1, 2, 3 proteins were expressed and purified for structural 
determination.  
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4.2  Materials and methods 
 
4.2.1  Bacterial strains, plasmids and media 
 
E coli. strain (DH5α) was used for plasmid amplification and E coli. strains, both 
DH5α and BL21(DE3) were used for protein expression.  
The coding construct of Drosophila CaM was provided by Dr. Ikura, in which 
CaM gene was cloned into pET3a plasmid without tag. The mPRL1, 2, 3 genes were 
harbored in pGEX vectors with GST tags. All these coding constructs were provided by 
Dr. Zeng. Subcloning gene of mPRL-3 into pET-M plasmid (a variant of pET-32a 
plasmid) was performed by Zhi Lin (a member of our laboratory). The construct contains 
6xHis tag. 
 Media used in the study include LB, LB agar, SOC and M9 medium. Medium 
preparation as well as other standard practices was performed according to the 
instructions of manual book: Current Protocols in Molecular Biology (Ausubel et al, 
1994). 
4.2.2   Preparation of Competent E.coli Cells 
E.coli competent cells were prepared by the following method.  Frozen stock of 
DH5α or BL21(DE3) cells were streaked on an LB agar plate, and cultured overnight at 
37°C. A single E. coli colony was inoculated into 10 ml LB and allowed to grow 
overnight at 37°C with shaking. 1 ml of the overnight culture was then transferred to 100 
ml of LB medium and grown to an OD600 of 0.4. Then the culture was transferred to two 
50ml Falcon tubes and spin at 3500 rpm, 4°C for 10 min. The cell pellet was gently 
resuspended in 20 ml cold glycerol buffer [0.1M CaCl2, 15% Glycerol (v/v)] in each tube. 
Cells from two tubes were combined and incubated on ice for 30min. Then cells were 
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centrifuged down again at 3500 rpm, 4°C for 10min. Supernatant was removed and cell 
pellet was again gently resuspended in 4 ml cold glycerol buffer. Cell suspension was 
incubated on ice for 2h, dispersed in aliquots (with 100µl competent cell suspension in 
each 1.5ml tube). Flash freezing by liquid nitrogen, the competent cell aliquots were then 
stored at -80 °C. 
4.2.3   Transformation of E. coli cells 
 
1~3µl plasmid DNA (about 150ng/µl) was added to a tube containing 100µl of E 
coli. competent cells and mixed well by gently tapping. The cells was then incubated on 
ice for 30 min, followed by a heat shock at 42°C for 90 seconds and a subsequent 
incubation on ice for 2min. Then 900µl of pre-warmed LB or SOB medium was added to 
the tube and incubated at 37°C for 60 min before plating cells onto LB plates containing 
ampicilin. 
4.2.4 Plasmid DNA preparation and analysis 
 
Plasmid DNA was isolated on small scale using Wizard Plus SV Minipreps DNA 
Purification System (Promega). Performances followed the instructions provided by the 
manufacturer. The prepared plasmid DNA usually had a concentration of 150-300ng/µl, 
which was used directly for restriction enzyme digestion, transformation and sequencing 
analysis. Plasmid DNA was analyzed by agarose gel electrophoresis (Bio-Rad). 
Restriction endonucleases were purchased from New England Biolab or Promega.  
Restriction enzyme digestion was performed using the conditions and buffers supplied by 
manufacturers. 
4.2.5   Protein analysis by SDS-PAGE  
SDS-polyacrylamide gel electrophoresis was performed using Hoefer Mighty 
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Small II electrophoresis unit (Amersham Pharmacia Biotech). The recipe for preparing 
two mini gels was shown in Table 4-1 (Ausubel et al, 1994). 5x sample buffer (0.225M 
Tris.HCl, pH6.8; 50% Glycerol; 5% SDS; 0.05% bromophenol blue; 0.225M DTT or 2-
mercaptoethanol) was used. Low range prestained SDS-PAGE standard was from Bio-
Rad, in which molecular weights of marker proteins were 113.0, 93.0, 50.3, 35.5, 28.8, 
21.4 kD respectively. After electrophoresis, SDS-PAGE was placed in staining solution 
(0.025% Coomassie brilliant blue R250; 40% methanol; 7% acetic acid) for about 30min 
with gentle shaking. Then, the PAGE was transferred to destaining solution I (40% 
methanol; 7% acetic acid) for 20 min, followed by transferring to destaining solution II 
(5% methanol; 7% acetic acid). For long term storage, the PAGE was dried using Gel 
Drying Kit (Promega) according to manufacturer’s instructions.  






(12%)                                  (15%) 
30% Acrylamide/Bis   
0.5M Tris-HCl, pH 6.8  
1.5M Tris-HCl, pH 8.8  
Distilled deionized water  
10%   SDS       
10% APS      
TEMED   
Total volume                        

























4.2.6     Estimation of protein concentration by spectroscopic method 
 
 By measuring UV absorbance, A , at 280 nm, concentration of a protein solution 
can be obtained using the Beer-Lambert law:   A = εIC   [where ε is the molar absorption 
coefficient (M-1 cm-1), I is the path length (cm), and C is the protein concentration (M)]. 
Since the absorption A of a protein at 280nm depends on the content of Trp, Tyr, and  
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Cys (disulfide bonds), extinction coefficient ε can be determined by following equation 
(Pace et al, 1995): 
    ε ( 2 8 0 ) (M-1 cm-1) = (#Trp)(5,500) + (#Tyr)(1,490) + (#cystine)(l25). 
 
In the equation, # refers to the number of corresponding residue that a protein 
contains.  
For a folded protein which contains Trp and Tyr residues, protein concentration 
can be estimated using the method described above, whereas for protein which contains 
no Trp, the method is no longer applicable. In such case, another method was adopted. 
By measuring absorption at wavelengths 235 and 280 nm, protein concentration can be 
calculated by equation below: 
             Protein concentration (mg/ml) = (A235 – A280)/2.51 
 
It is believed that the difference in the absorbance between 235 and 280 nm due 
primarily to the peptide bond. The factor 2.51 is the difference between the average 
measured extinction coefficient at 235nm and 280nm from array of proteins. Thus, this 
method is less dependent on amino acid composition of a protein and interference by 
nucleic acids can be excluded as nucleic acids have essentially the same absorbance at the 
two wavelengths (Whitaker et al, 1980). 
UV absorption measurements were performed on Beckman UV/visable 
spectrophotometer using 0.1mm Beckman quartz cells. It worth noting that even 5mM 
EDTA or EGTA have significant UV absorption at 235nm, thus it would be better to 




4.2.7  Protein secondary structure evaluation by Circular Dichroism (CD) 
CD spectra were recorded on Jasco-700 spectropolarimeter. A quartz cuvette with 
path length of 0.1mm was used. Protein concentration was ranged from 3~10 µM to keep 
ellipticity less than 50 millideg (mdeg).  
4.2.8 CaM expression and purification 
 
CaM was prepared referring to the method described in literature (Ikura et al, 
1990a. Ikura et al, 1990b) 
4.2.8.1   CaM expression in E coli. 
pET-3a plasmid containing Drosophila CaM gene was transformed into E coli. 
BL21(DE3) strain. After transformation, 1 colony of BL21(DE3) cells grown on an LB 
plate containing 50~100 ng/ml ampicilin was inoculated into 25ml LB medium or labeled 
M9 medium containing 50~100 ng/ml ampicilin to prepare initial culture. The culture 
was allowed to grow overnight at 37°C with 200~250 rpm shaking. Certain amount of 
initial culture was then added to 500ml or 1L LB/ampicilin or labeled M9/ampicilin 
medium. The cells were allowed to grow at 37°C to an OD600 of 0.7~0.85 and induced 
with 0.5~1mM IPTG. The cell culture continued to grow at 37°C for another 4 hours. 
After IPTG induction, cell culture was centrifuged at 6500 rpm, 4 °C for 10 min. Cell 
pellet can be stored at -80°C or proceed to isolation and purification steps. Cell 
expression can be checked by SDS-PAGE by comparing induced cell culture sample and 
before induced control sample. SDS-PAGE samples can be prepared by boiling cell pellet 
from 500 µl ~1ml cell culture for 15min in 50~100 µl 1X SDS-PAGE sample loading 
buffer. Before labeled sample could be prepared, CaM expression in M9 medium was 
evaluated. CaM was expressed using M9 medium (17.08g Na2HPO4·12H2O; 3g KH2PO4; 
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0.5g NaCl and 1g NH4Cl per liter) in which glucose, CaCl2, MgSO4, thiamine, d-biotin 
and ampicilin were supplemented. All of the supplements required to be filtered before 
adding to autoclaved M9 medium. For 2L M9 medium, 50 ml 20% (w/v) glucose; 200ul 
1M CaCl2; 2ml 1M MgSO4; 400ul 1% (w/v) thiamine; 400ul 1% (w/v) d-biotin; 2ml 
100mg/ml ampicilin were supplemented. To obtain labeled sample, cells were grown in 
M9 minimal medium containing 15NH4Cl and/or reduced amount of 13C-glucose as the 
sole nitrogen and/or carbon source with all the other supplements remained as the same. 
4.2.8.2   CaM purification by TCA precipitation and chromatography 
Isolation and purification of 2L cell culture were taken as an example. Cells from 
2 L cell culture were harvested and cell pellet was chilled on ice. 80ml pre-chilled lysis 
buffer (50mM Tris.HCl; 2mM EDTA; 1mM DTT; pH 7.5) was used to resuspend the cell 
pellet. Another 25 ml of lysis buffer containing 25mg lysozyme was also added for cell 
lysis. Cell lysate was placed on ice and stirred from time to time for 30min. Then, 1M 
MgCl2 was added to cell lysate to a final concentration of 3mM and 10mg/ml DNase I 
(Sigma) stock was added to a final concentration of 10µg/ml. Cell lysate was kept on ice 
for 40 min with stirring from time to time to allow DNase I treatment complete. 
Afterwards, cell lysate was centrifuged at 15000 rpm, 4 ºC for 20min. Supernatant was 
collected and pellet was set aside until purification complete.  
By now, CaM should have been released into supernatant. The presence of CaM 
in supernatant can be analyzed by SDS-PAGE. The supernatant was further processed by 
TCA precipitation. Pre-chilled 50% (w/v) Trichloro acetic acid (TCA) was added to the 
supernatant to a final concentration of 3%. The supernatant was stirred on ice for 20min 
and during the period, 6N NaOH was used to adjust pH to 5.3; 0.5M EDTA was added to 
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a final concentration of 0.5mM; 0.1M PMSF solution stock was added to a final 
concentration of 0.1mM. Supernatant was kept on ice for another 30 min with occasional 
stirring and followed by centrifuging at 6500 rpm, 4 ºC for 10 min. At this stage, a 
fraction of unwanted proteins were precipitated by TCA. Supernatant supposed to contain 
CaM was transferred to a clean centrifuge bottle and kept on ice. Pellet was set aside until 
purification complete. The volume of the supernatant was roughly estimated and more 
pre-chilled 50% TCA was added to a final concentration of 6%. Supernatant was stirred 
on ice for 10min and centrifuged for 20min at 6500 rpm, 4ºC. At this step, fractionated 
CaM was precipitated by higher concentration of TCA and concentrated in pellet. Then 
the pellet was dissolved in 800µl 1M Tris-base; 6ml 50mM Tris-HCl, pH7.5 and 2ml 
H2O (milliQ). The mixture was stirred on ice until pellet dissolved and the crude solution 
of CaM was ready for further purification by chromatography. 
CaM was further purified by FPLC (ÄKTA Amersham Biosciences) using 26/10 
phenyl sepharose high performance column (Pharmacia). The column was equilibrated 
with 2 bed volume of buffer A (50mM Tris.HCl, 1mM MgCl2, 1mM CaCl2 ) at a flowing 
rate of 1~2ml/min. 1M CaCl2 was added to crude solution of CaM to a final 
concentration of 5mM. About 10ml crude CaM sample was then loaded onto the column 
at a flowing rate of 1ml/min. The column was firstly washed with buffer A until OD280 
became less than 0.05, followed with buffer B(50mM Tris.HCl, 0.5M NaCl, 1mM MgCl2 
1mM CaCl2 ) until OD280 dropped below 0.01, then washed with one bed volume of 
buffer C (50mM Tris.HCl, 50 mM NaCl), finally CaM was eluted by buffer D (50mM 
Tris.HCl, 50mM NaCl, 1mM EDTA). Eluate was collected as 2~4 ml per fraction and 
protein concentration was checked and estimated by UV absorption. 
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CaM solution eluted from phenyl sepharose column contained Ca2+ and it could 
be decalcified by 50mM EGTA. YM-10 centricon (Millipore) was used to concentrate 
CaM sample and to exchange buffer. Concentrated protein solution could be lyophilized 
for long term protein storage. 
4.2.9   Expression and purification of PRL proteins with GST tag 
pGEX plasmid containing PRL protein gene was transformed into E coli. DH5α 
and protein was over-expressed by the same strain. Initiate culture was produced and 
inoculated into 500 ml or 1L of LB/ampicillin culture.  Cell culture grew at 37ºC until 
OD600 reached 0.6-0.8. IPTG was added to the culture to a final concentration of 0.5 or 
1mM. Induction lasted overnight at 20 ºC or 3-4 hrs at 30 ºC.  
Cells were harvested by spinning down at 5000rpm for 15 min and supernatant 
was disposed. Cell pellet from 250ml culture was resuspended in 10 ml GST buffer (PBS; 
50mM Tris pH 8.0; 0.1% Triton X-100; 0.5 mM MgCl2) and cells were lysed in the 
presence of 1mg/ml lysozyme; 50ug/ml DNaseI; 5mM DTT and 0.5 mM PMSF. The 
mixture was chilled on ice for 15min, then subjected to 1min sonicate for three times with 
interval of 1.5 min. Cell lysate was centrifuged at 18,000 rpm for 30min at 4ºC.  
Supernatant was examined by SDS-PAGE to confirm the presence of over-expressed 
protein. Supernatant can be frozen by liquid nitrogen at this point (adding 1ml of 80% 
glycerol per 10 ml of extract) and stored at -70ºC, or directly subjected to purification.  
For small amount of purification, 0.8 ml supernatant was passed through 0.8 ml 
glutathione sepharose 4B beads (Pharmacia Biotech) which was pre-washed by 3 ml GST 
buffer for three times and packed in MicroBio-spin column (Bio-Rad). After binding, the 
beads were washed with at least 5 bed volume of GST buffer to remove contaminant 
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proteins and reduce unspecific binding. Otherwise batch binding can be adopted, in 
which 0.8ml supernatant was added into 1.5ml GST-sepharose slurry with 0.8ml beads in 
0.7 ml GST buffer. The mixture was placed in cold room at 4ºC with gently shaking to 
allow efficient binding, followed by washing with GST buffer. The beads were 
transferred into 1ml thrombin cleavage buffer (50mM Tris pH 8.0; 150 mM NaCl; 2.5 
mM CaCl2; 0.1% β-mercaptoethanol) and incubated with 2 units thrombin at room 
temperature for 40min to cleave GST tag on beads. GST fusion protein can also be eluted 
from beads by elution buffer (5% glycerol and 30mM reduced glutathione in GST buffer). 
Purity of the eluate was examined by SDS-PAGE.  
4.2.10    Expression and purification of His-tagged mPRL-3 protein 
Plasmid encoding m-PRL-3 protein with 6xHis tag was transformed into E coli. 
BL21 (DE3). Expression of the protein was similar as described in expression of CaM 
and GST fusion proteins. IPTG induction was performed at 20ºC or 37ºC and solubility 
of protein over-expressed under different inducing temperatures was checked by 
resolving supernatant and pellet of cell lysate on SDS-PAGE. When over-expressed cells 
were harvested, cell pellet from 250ml cell culture was re-suspended in buffer 1  
(20-50mM Tris.HCl pH8.0; 300mM NaCl; and 10mM imidazole) and chilled on ice. 
Lysozyme and DNaseI were added to cell suspension to a final concentration of 1mg/ml 
and 50ug/ml respectively. The mixture was kept on ice for 30 min with occasionally 
stirring to allow complete cell lysis.  
His-tagged proteins were extracted from the lysates by Ni2+ affinity 
chromatography (Qiagen). Batch binding was described in section 4.2.8 and the 
procedure used here was the same except that buffers were different. Ni2+ affinity beads 
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were washed by buffer 1 before cell lysate was added in for binding. After binding, beads 
were washed three times with 5 volume of buffer 1 and buffer 2 (20~50mM Tris.HCl  
pH 8.0; 300mM NaCl; and 20-50mM imidazole ) in subsequence to wash out unwanted 
proteins and reduce unspecific binding. Target His-tagged protein was eluted with  
buffer 3 (20~50mM Tris.HCl pH 8.0; 300mM NaCl; 250mM imidazole). Buffer 
exchange was achieved by dialysis. Thrombin cutting site between His-tag and mPRL-3 
should allow 6xHis being cleaved by thrombin. 
4. 3   Results and discussion 
4.3.1 CaM expression and purification 
CaM was successfully expressed and purified. As shown in Figure 4-1 A,  
over-expression was clearly observed by resolving cell lysates of before induction and 
after induction cells on SDS-PAGE. TCA precipitation helped to remove some unwanted 
proteins and concentrate CaM solution. In further purification by affinity chromatography, 
it was observed through SDS-PAGE that most of the remaining contaminant proteins 
were washed out by buffer A and CaM was eluted by buffer D (Figure 4-1 B). However, 
CaM eluate showed two bands on SDS-PAGE, it could be due to the reason that a 
fraction of CaM bind with Ca2+ and show different migration velocity from apo-CaM. 
The two bands would become one band in the presence of 3mM EGTA which can 
deprive Ca2+ binding with CaM (Figure 4-1 C). 
CaM concentration was estimated by UV spectroscopy. Since CaM contains no 
Trp and only one Tyr, extinction coefficient ε at 280nm can’t be determined properly by 
the method proposed by Pace et al (1995). Instead, UV absorption was measured at both 
235 and 280 nm. CaM concentration was then calculated by the equation:  
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Protein concentration (mg/ml) = (A235 – A280)/2.51          (Whitaker et al, 1980) 
 The method is simple, high sensitivity and only requires small amount of protein 
solution (100µl/sample). The calculated protein yield can be compared with yield 
obtained from lyophilizing the sample. As summarized in Table 4-2, CaM yields were 
different when different medium was used in protein expression, among which highest 
yield was obtained by using LB medium. To prepare labeled sample, minimal M9 
medium was used and the yield dropped at least 30% comparing with what obtained from 
LB medium. 15N uniform labled CaM was obtained using 15NH4Cl as the sole nitrogen 
source. According to the yield estimated, at least two liter culture was needed in order to 
obtain enough 15N labeled sample for NMR experiments. CaM yield could be 
underestimated by the spectroscopic method as the yield estimated by weighing 
lyophilized CaM was much higher, even considering the fact that salt residue could exist 
in lyophilized sample. For example: 28mg lyophilized CaM was obtained from 1liter LB 
culture. However, this simple spectroscopy method allowed us to quickly compare the 
results from different batch of experiment or monitor protein concentration in different 
fractions. As shown in table 4-3, each fraction containing CaM was collected and its UV 
absorptions at wavelengths 235 and 280nm were measured to calculate yield. To obtain 
practically acceptable yield, the minimum amount of glucose used in M9 medium was 
2g/liter culture. With rough estimation, highest glucose utilizing efficiency was achieved 
in 2g glucose/ liter culture. To prepare 13C uniform labeled CaM, 13C-glucose would be 
used as sole source of carbon and estimated 2 liter culture would be needed to gain 
enough sample for NMR experiments.  
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 Figure 4-1.   CaM expression and purification monitored by SDS-PAGE. 
A) Lane 1: Cells after induction; Lane2: Cells before induction. 
B) Lane 1: CaM solution before chromatography purification; Lane 2: Eluate in buffer A.  
       Lane 3, 4, 5: CaM fractions eluted by buffer D; 
       C)   Lane1:  CaM sample in presence of 3mM EGTA; Lane 2: CaM sample in presence of Ca2+. 
              M refers to low range pre-stained protein standard (Bio-Rad) 
 
 
Table  4-2.   Yield of CaM estimated by UV absorptions when different medium was used for expression. 
 
Medium Yield (mg/liter) 
LB medium 
M9 medium (5g Glucose/liter) 
M9 medium (2g Glucose/liter) 
M9 medium (1g Glucose/liter) 







Table  4-3.     Yield of CaM in M9 medium supplemented with different amount of glucose. Fractions  
containing CaM were collected from FPLC and yields were calculated from UV absorption measurement.  
 
Fraction(3ml/per) OD280 OD235 Yield (mg) Total Yield (mg/liter) 
1 0.3184      2.4656      2.566 
2 0.4618      2.8855      2.9 
3 0.4018      2.9893      3.09 
4 0.2488      2.2107      2.345 
5 0.071       1.133       1.27 
1.5 liter M9 culture 
5g Glucose/liter 
 





Fraction(4ml/per) OD280 OD235 Yield (mg) 
1 0.266 0.66 0.63 
2 0.152 1.47 2.11 
3 0.094 1.26 1.86 
1.0 liter M9 culture 
2g Glucose/liter 




Fraction(4ml/per) OD280 OD235 Yield (mg) 
1 0.089  0.59 0.79 
1.0 liter M9 culture 
1g Glucose/liter 




Note: Glucose utilizing efficiency was roughly estimated by dividing yield with the amount of glucose used.     
8.49/5= 1.7        5.48/2=2.74          1.87/1=1.87 
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4.3.2 Purification of GST tagged mPRL-3 protein  
GST fusion proteins, mPRL-3 and truncated mPRL-3 (with C104S mutation and 
C-terminal CCVM deletion) were over-expressed in E coli. DH5α cells. Since the C-
terminal CCVM motif is the potential site of prenylation and may associated with 
membrane, protein solubility may be different between full length mPRL-3 and truncated 
mPRL-3. The process of protein purification was described in detail in section 4.2.8. 
SDS-PAGE (Figure 4-2) showed that both of the two proteins can be purified under the 
same conditions (lane 1 and lane 2). After thrombin digestion, there were two more 
residues (Gly-Ser) from thrombin cleavage site attached to N-terminal of the proteins. 
On-bead thrombin digestion was relatively complete for both proteins (lane4, lane 5). 
However, the proteins precipitated in a couple of days under room temperature. 
Comparing with full length PRL-3, truncated PRL-3 precipitated less thorough and 
slower. 
 
Figure 4-2.   Purification of mPRL-3 with GST tag. 
 
Lane 1  Full-length mPRL-3 (after thrombin digestion on beads)  
Lane 2  Truncated mPRL-3 (after thrombin digestion on beads) 
Lane 3  Eluate of truncated GST-mPRL-3 digested by thrombin    
Lane 4  Beads (for binding full-length mPRL-3) 
Lane 5  Beads (for binding truncated mPRL-3)  
M refers to low range prestained protein standards (Bio-Rad) 
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    Different purification conditions were tried in order to gain stable protein solution 
with high concentration. Due to the reason that Triton X-100 may have undesirable 
effects on NMR spectrum, purifications without Triton X-100 were performed. Without 
using Triton X-100, it seemed more likely that GST fusion mPRL-3 may aggregate on 
beads, for in some cases, thrombin cleavage was unsuccessful and GST fusion protein 
couldn’t be eluted out by elution buffer containing 30mM reduced glutathione. 
Exchanging buffer immediately after thrombin digestion by dialysis protein solution 
against 50mM or 100mM phosphate buffers at pH 7.5 or 7.0 couldn’t prevent 
precipitation. The presence or absence of reducing reagent like DTT or  
β-mercaptoethanol during the process of purification did not show significant effects on 
protein stability either.  
4.3.3 Purification of 6x His tagged mPRL-3 
His tagged mPRL-3 was expressed in E.coli. BL21(DE3) cells. Cells were 
induced at 20°C overnight and over-expressed protein was in supernatant (Figure 4-3, 
lane 1, 2, 3). If cells were induced at 37°C, over-expressed protein would form inclusion 
body. His tagged mPRL-3 was purified under native condition according to the method 
described in section 4.2.9.  (His)6 –Ser-Ser-Gly-Leu-Val-Pro-Arg-Gly-Ser- was the 
peptide attached to the N-terminal of mPRL-3 and there was a thrombin cleavage site 
between His tag and mPRL-3. 
 After purification, His tagged mPRL-3 was in buffer 3 (20~50mM Tris.HCl pH 
8.0; 300mM NaCl; 250mM imidazole), but it was unstable and precipitated quickly 
within one day, buffer exchange couldn’t prevent precipitation. In another experiment, 
Tris.HCl (20~50 mM pH 8.0) was replaced by phosphate (50mM, pH 7.5) in all three 
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buffers used in purification. After His tagged mPRL-3 was eluted out by a buffer 
containing 50 mM phosphate, 300 mM NaCl and 250mM imidazole, it was examined by 
SDS-PAGE and one major band appeared on gel (Figure 4-3 lane 4). The eluate was 
immediately dialyzed against phosphate buffer (50mM pH 7.5). A fraction of protein 
precipitated after dialysis. Analyzing supernatant on gel showed that additional band 
clearly appeared besides the target band when protein solution was concentrated.  It was 
possible that this unwanted protein with higher molecular weight existed in the eluate and 
became more visible on gel after concentration. 
More work need to be done to find optimal conditions. If after purification His 
tagged mPRL-3 protein can stay stable in solution, even the high molecular weight 
contaminant exists, it could be removed by gel filtration and N-terminal His tag could be 
removed by thrombin digestion. 
   
Figure 4-3.  Expression and purification of mPRL-3 with 6x His tag. 
 
Lane 1:  Control cell (before induction)   Lane 2: Induced cells (whole cells boiled with sample loading 
buffer)   Lane 3:  Supernatant of cell lysate   Lane 4: Eluate of Ni affinity chromatography   Lane 5, 6, 7:  
Protein solution after dialysis was concentrated into different concentrations. 





4.3.4.    Purification of GST fusion proteins, mPRL-1 and mPRL-2 
 It had been shown that mPRL-1 and mPRL-2 GST fusion proteins could bind to 
glutathione sepharose 4B beads, and GST tag could be cleaved by thrombin digestion on 
beads (Figure 4-4 A). However, after purification both of the proteins gradually 
precipitated. Though there was one clear band on SDS-PAGE when mPRL-2 was 
resolved on gel immediately after GST cleavage(Figure 4-4 B, lane 5,6), the same  
mPRL-2 solution appeared on gel quite differently after staying at 4°C for a couple of 
days (Figure 4-4 C). Attempts were made as what had been done in GST-mPRL-3 
purification to search for optimal conditions, unfortunately the problem of protein 
precipitation couldn’t be solved. 
 
Figure 4-4. Purification of GST fusion proteins, mPRL-1 and mPRL-2. 
A) Lane 1, Lane 3: mPRL-1 (GST tag cleaved by thrombin) 
Lane 2, Lane 4: mPRL-2 (GST tag cleaved by thrombin) 
Lane 5, Lane 6: GST fusion proteins binding on beads, referring to mPRL-1, mPRL-2 respectively 
B) Purification of GST fusion protein, mPRL-2. 
Lane 1: Supernatant before binding to beads. Lane 2: Supernatant after binding with beads.  
Lane 3: mPRL-2 with GST tag.  Lane 4: Glutathione eluate digested by thrombin.  
Lane 5,6: mPRL-2 with GST tag cleaved.  Lane 7,8: GST tag remained on beads. 
C) Lane 1, 2: mPRL-2 after staying at -4°C for a couple of days. 
              M refers to low range prestained protein standards (Bio-Rad) 
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4.3.5 CD spectra of mPRL proteins  
All three mPRL proteins contain helical structure as indicated by CD spectra 
(Figure 4-5). Negative bands at 222nm and 208nm in CD spectra are typical features of 
α-helix. This observation conforms to secondary structure prediction of mPRL proteins. 
Predicted secondary structures of mPRL proteins show high content of α-helix (up to 
40%) and a couple of short β-sheets. There were differences among the spectra, 
especially in short wavelength range (less than 200nm). This may indicate that mPRL 




Figure 4-5. CD spectra of mPRL 1, 2, 3 (A, B, C respectively). mPRL proteins were expressed as GST 




The main problem in purification of mPRL proteins was that purified proteins 
were unstable and form precipitation. To solve this problem in the future, attempts need 
to be made in several ways. Firstly, it is necessary to continue optimizing purification 
conditions. It had been reported that His tagged hPRL-3 was expressed and purified by 
Ni2+ affinity chromatography and stable protein solution was obtained after His-tag 
cleavage (Matter et al, 2001; Kozlov et al, 2002). It was noticed that high concentration 
salts like 1M NaCl were used in cell lysis (Matter et al, 2001), which was quite different 
from common protocols. Optimal condition may significantly affect protein stability. 
Secondly, it may worth to purifying mPRL-3 with C-terminal prenylation motif truncated 
and C104 intact. As C104S mutation destroys enzyme activity, it is possible that the 
mutation could affect protein tertiary structure. In addition, it may be necessary to make 
His tagged mPRL-1 and mPRL-2 constructs, for protein stability could then be estimated 
by expression His-tag fusion proteins without thrombin cleavage. Finally, since mPRL-3 
share high sequence similarity with hPRL-3, it is possible that certain amino acids in 
mPRL-3 could significantly affect protein stability. It would be meaningful if such amino 
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